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AB STRACT 
S team con s ump tion associated wi th the small-s cale f ract ional 
dis t illation o f  e t hanol at the South Dako ta S tate Unive r s i ty Alcohol 
Fuel s  Res earch Fac i l i ty has been de termined . During 1 9 8 1 , seven , ten , 
and thir teen p ercent e thano l concen trations in corn-be e r  were dis-
tilled to a 9 2 . 5  p ercent fuel e thanol p roduct . Res idual e thanol con-
cen trat ions in spen t  s t i l lage were s tudied at average l eve l s  o f  0 . 1 3 , 
' 
0 . 1 5 , and 0 . 30 p e rcent by vo lume . The total sys t em ene r gy requiremen t 
averaged 3 . 8 8 rnegajo ule s  per l iter ( 1 3 , 9 00 B tu per gal lon) o f  anhy-
drous -equivalent e thano l ,  exclus ive o f  boiler e ff i ciency . 
Ernp e ri cal relationsh ips were e s tab li shed b e tween the dis t illa-
t ion ene rgy requirement and two operat ing parame ters . The s e  p arame ters 
were s tudied in two independen t exp erimen ts . In exp e r imen t one , "cen te r  
s trippe r temp e rature" s e rved as an indicator o f  the p arame t e r  "s t illage 
res idual e thanol concen tra tion." The former demons t ra t e d  an invers e , 
linear rel ationsh ip ( R2 : 0.88) with the energy requirement o f  d i s t il -
lation when comb ined wi th the variables "center re c t i f i e r  temp erature" 
and "produc t flow rate . "  In the se cond experimen t , the parame ter 
"com-beer e thanol concent ra tion" demonst rated an inve rs e , q uadratic 
relationship ( R
2 
= 0 . 9 9 )  wi th the energy requiremen t  of dis t i llation . 
The total s team energy requi remen t was p ar t i t ioned into corn-
ponents . Hea t in g  o f  th e corn-beer required 2 0  percen t ; relux generation , 
3 8  perc ent ; p ro duc t condensat ion , 1 8  p ercent ; and sys tem thermal los s e s  
ab s o rbed the rema ining 24  p e rcen t o f  to tal energy consump tion . 
INTRODUCTION 
The p ro duc t ion o f  e thyl alcohol f rom farm grain p roduct s  for 
use  as a liquid fuel i s  an exc i ting , yet controve rs ial concep t .  The re 
are p ot ential advantages as we ll as disadvantages for the farme r ,  o r  
nation , whi ch can s imul tane o us ly guarantee a renewab le s upply o f  
energy and a marke t fo r farm produc e . 
The conver sion o f  corn , o r  o ther s tarch crops , to e thanol i s  
bene f ic ia l  to the Uni ted S tates in a number o f  ways . Ener gy that is  
pro duced within the Un ited S tates reduces the import  o f  foreign crude 
o il and thus the federal de f i ci t . An alcohol fuel industry c reates 
j ob s  and ther e f o re adds to  the tax base o f  the nat ional e conomy . Such 
an indus t ry can p rovide a marke t that could s tab il i z e  grain p r i ce s . 
During the e thanol p rodu c tion p ro ce s s  only the s tarch i s  removed from 
the grain. Th i s  leave s 100 p ercen t  o f  the p ro te in for use a s  human 
food or animal fee d .  
The re are also s everal disadvantages f o r  using e thanol a s  a 
l iquid fue l . The current cos t for p roducing e thanol i s  g reater than 
the cos t  o f  the gaso l ine i t  replaces . There fore , a s ub s t antial· e co ­
nomic s ub s idy f o r  fuel e thanol i s  required t o  make i t  comp e t i t ive in 
the marke tpl ac e . Als o , in general , a higher grain marke t dicta tes 
higher consumer food p ri ce s . 
Ano ther disadvantage as sociated wi th fuel e thanol p roduct ion 
i s  the comp lexi ty of the p ro duction p rocess .  The technol o gy for 
2 
conve r t in g  grain to e thanol has been known for de cades , as evidenced 
by wri t ings of B rachvo gel ( 1 9 0 7 ) , Herman et al . ( 1 9 4 2 ) , and Underko fler 
and H ickey ( 1 9 5 4 ) . However ,  it  requires s igni f i can t  en g ineering and 
microb iolo gical exper t ise . Thi s  author has the op inion that the p ro­
duc t ion o f  f ue l  e thano l is largely out of the hands o f  the masses  and 
into the hands o f  a relative ly few companies that have the necess ary 
technolo gy . 
The re i s  also a physical l imi tation to the u s e  o f  fue l  e thanol 
made from corn . According to the Uni ted S tates Bureau of the Census 
( 1 9 8 0 ) , in 1 9 78 the Uni ted S tates p roduced 0 . 1 8  b i l l ion me tric  tons 
( seven b i l l ion bushe l s )  o f  corn for grain . Even if  the imp o s s ib le 
event o f  total conver s i on to e thanol could o c cur , only 6 8  b i l l ion 
l iters ( 1 8 b il l ion gal lons ) o f  e thanol would b e  p ro du ce d . In 1 9 7 8 , 
we consumed 4 70 b il l ion l it ers ( 1 25 b illion gallon s )  o f  gas o l ine . 
The p lace o f  fuel e thanol in Ameri can ' s ene r gy scene l ie s  some­
where b etween b e in g  i rrelevant and being a panacea . Curren t thought 
lies in the more economical use of e thanol as an o c tane boo s t e r  ra the r  
than a s  a s ub s t an t ial fue l  rep lacement . The ful l po ten t ial and feasi­
b i l i ty o f  the con ce p t  depends upon cons idera t ions in no less  than 
three areas ; tho s e  of technical , e conomic , and pol i t ical arena s . 
I t  i s  the intent o f  thi s  thes i s  to  focus on one face t o f  the 
te chnical asp e c t  o f  e thanol produc tion . The emphas i s  l i e s  with the 
examination o f  th e magn itude and makeup of the s team con s ump t ion o f  
the typi cal dis t il l at ion p roce s s  that s eparates  e thano l from a corn 
and water s lurry . The evalua tions are based upon operat ion·o f  a smal l , 
3 
comme rcial , 30 . 5  c entime te r  (12 . 0  inch) d iame te r  d i s t illa t ion tower a t  
the Sou th Dakota S ta t e  University Alcohol Fue l s  Lab oratory dur ing 1 9 8 1 . 
A b rie f his to ry o f  the e s t ab lishmen t and purp o s e  o f  the fuel a lcohol 
p roje c t  is p re s ented as App endix A .  
4 
OBJE CTIVE S  
The general obje c t ive o f  thi s  research was to evalua te the 
small -sc.a.l� f rac t ional dis t illat ion of co rn-beer to a 9 2 . 5  p ercent 
e thano l by vo lume p roduc t .  D i s t illation was one p o r ti on o f  the dry­
mi lling p ro ce s s  o f  fuel alcoho l produc tion emp loyed at S ou th Dako t a  
S ta te Unive rs i ty . 
Speci f i c  obje c t ives o f  thi s  res earch are : 
1 .  To e s t ablish s team energy requiremen ts for the dis ti lla­
t ion of corn-water-e thano l s lurries by s t udying various 
s t il lage res idual e thanol concent rat ions . 
2 .  T o  e s t ab li sh s te am energy req uirements for the d i s t i l la­
t ion of com-wat er-e thano l s lurries by s tudying various 
co rn-bee r  e thano l concentrations . 
3 .  To s tudy the in terrelat ionships among 2 2  d i s t illat ion 
sys t em var iab le s . 
4 .  To parti t ion the dis t illat ion tower s team consump t ion into 
four componen t s : corn-beer heat ing , p roduc t condensa t ion , 
re flux genera t ion , and sys tem thermal los s e s . 
5 .  To evaluate the d i s t illat ion equ ipmen t and a c ce s sorie s , 
data colle c t ion p ro cedure s , and me thods o f  l ab o ra tory 
analys i s . 
5 
L ITERATURE REVIEW 
The concep t o f  employing e thanol as a moto r  fuel has p e riodi­
cally s ur faced s ince the invention of the internal combus t ion engine. 
The idea tha t  e thanol p roduc tion can make farmers energy p ro ducers 
appealed to a fa rm b oy from Dearborn ,  Michigan , named Henry Ford . In 
the 1 880 ' s , he de s igned one of his earlie st automob ile s , the q uadri­
cycle , to burn e thanol (Bos song , 1 9 80) . 
"Desp i te the intense compe tit ion from gas oline , alcohol fuels 
were used to powe r Amer ican cars well in to the 1 9 2 0 ' s  and 1 9 30 ' s , "  
con tinues Bo s s ong ( 1 9 80 ) . During World War I I , a s urge in the p ro­
duction of  e thanol helpe d  to p roduce increased amount s  of  syn th e t i c  
rubber nece s sa ry to run t h i s  country ' s  war machine . Following the 
war , the dec reased need for synthe tic rubber and the availab ili ty 
o f  cheap p e t roleum created an eno rmous slump in the p roduc t ion o f  
indus t rial e thanol . 
Very lit tle e thanol was used to power thi s  coun t ry ' s  p o st war 
automob iles unt il 1 9 7 3  when Neb raska passed a three cent per gallon 
cut in s ta te fuel t axe s . Thi s  applied only for fuel containin g  a min­
imum o f  ten p e rcent agricultural e thanol o f  at lea s t 1 9 0  p roo f ,  that 
i s , 95 p e rcent e thanol by volume. The p re s en t  s ta t e  o f  f uel e thanol 
p roduc tion has grown. out of this attemp t to replace fo re i gn o il with 
dome s tically p roduced fuel . 
The te chnology employed for the p roduct ion o f  e thanol from 
agricultural crops is a s  old as e thanol ' s  use as a fuel . Ac cording to 
6 
7 
Calingaert ( 1 9 2 5 ) , a F renchman named Barb e t  designed a s ucces s ful p lan t­
scale fractional d istil lat ion p roce s s  in 189 0 .  Hi gh p r e s sure steam was 
almo s t  universally emp loyed for the cooking of gra in as far b ack a s  
1 9 07 ( Brachvo ge l , 1 9 07 ) . B y  1 9 4 2 , continuous pressure cooking was de­
scribed by Herman , et al . ( 1 9 42 ) , as the late s t  in modern dis t illery 
technolo gy . 
The French have long been cons idered the f a thers of d i s t i l la­
t ion technology . Mariller ( 1 9 4 5 )  presented two int ricate predict ion 
equat ions which emperically es t imate the s team energy requirements  for 
dist illation.  Variab l e s  emp loyed in the re la t ionship s include the 
concen t ration o f  e thano l in the b ee r ,  the required quan t ity of re flux , 
and the ethanol concen tration o f  the final p roduct . Mariller also ci­
ted longs tanding French me thodo lo gy in measuring ene rgy consumption 
o f  dis ti llation . He p re s en ted e i ght s ets o f  data which de f ine energy 
requiremen t s  for the dis t illation p roce ss that was typ ically emp loyed 
in France . 
A de s ire to reduce ene rgy expenditures resulted in new ap­
proaches to d i s t illation . Cal ingaert ( 1 9 2 5 )  and Re ich ( 1 9 2 9 )  indi­
cated tha t , during this p eriod , the minimum amoun t of energy required 
to dis t i ll a l i t e r  of 95 p ercen t by volume e thano l p ro duct in large 
alcohol p l ants was ab out 9 . 5  megaj oules ( 34 , 000 Btu per gal lon o f  
e thanol ) . It was not  uncommon to find plants requi ring 1 5  to 1 6  
megaj oul e s  p e r  l iter ( 5 3 , 000 t o  58 , 000 B tu per gallon ) o f  product 
( Freshwater ,  1 9 5 1 ; Campi on 1 9 5 2 ) . Freshwater ( 1 9 5 1 )  cited Mariller 
in 1 9 1 3 ,  and Reich , in 1 9 38 ,  as sugge s t ing a comb ined system o f  evap­
oration of spent s t i llage and dis t illation . Camp ion ( 19 5 2 )  made 
re ference to B arbe t ,  who used s team in a doub l e  e f fe c t  arrangement . 
Hea t  availab le f rom one column is used a second time to heat a second 
column operat ing at a reduced pressure . Ano the r  pos s ib i l i ty p resented 
was to use the vapors of the re ctifying column to heat the s t ripp ing 
column . Thi s  can be done i f  the latter i s  operate d a t  a reduced p res­
sure . Fre shwater ' s  pap e r  suggests addi t ional mul t ip l e  e ffec t  arrange­
ments , as well as p ropo s ing vapo r recomp ress ion by use of a hea t  pump . 
These innovat i ons p rovi ded indus trial al choho l p ro duction with 
the me thods for reducing energy expenditures by 50 p e rcen t . Camp i on 
( 19 5 2 )  p redic ts a 4 8  percent energy savings while Dob s on ( 1 9 5 0) 
reports an energy expendi ture in a two -column s t ill o f  4 . 9 megaj oules 
per l iter ( 1 7 , 5 0 0  B tu per gal lon) of ethanol .  A reduct i on in the 
energy expendi ture o f  dis t illation of ethyl alcoho l has certainly 
been accomplished a t  the large , commercial dis ti lleries . 
The purp os e  o f  these dist illeries has been the p ro duction o f  a 
po tab le beverage o r  an indus trial grade p roduc t .  The energy required 
to d i s t i ll e thanol for use as fuel can be less than tha t  for b everage 
or indus trial purp oses b e cause th e extra equipmen t  emp loyed in commer­
cial dis t illeries is not required . 
8 
Jan t zen and McKinnon ( 1 9 8 0) made a p re limina ry s t udy o f  small­
scale , fue l ethanol fac i lity in Campo , Colorado . They found that 4 . 49 
megaj oules per l i te r  ( 1 6 , 1 00 B tu per gallon) o f  e thanol in the form o f  
s team energy w a s  required t o  d i s t i l l  a 95  percent e thanol p roduct from a 
1 2  percent co rn-b ee r . This f igure was for an atmospher i c , s ingle e f fect , 
two- co lumn unit and included energy loss due to b o i le r  e f ficien cy . 
A sma l l -s cale fuel e thano l plant in Cuba was examined by Aries 
( 1 947) . The d i s t i l lation un i t  was a two-co lumn uni t  cap ab le o f  pro­
ducing a 96 pe rcent e thanol by volume pro duct .  Table 1 p re s en ts 
Arie s ' res ul t s  as  the beer e thanol con centrat ion and re f l ux ratio were 
varied . The reflux ratio is an op erat ing p arame ter o f  a d i s t illat ion 
co lumn def ined a s  the ratio o f  the q uan t i ty o f  l iquid e thanol re turned 
to the top of the rec t i f ie r  column to the quan ti ty of e thanol pro duct 
removed from the d i s t i l lation p roces s .  The re flux ra tio: influences 
the concentra t ion of e thanol in the produc t . However ,  for large 
ratios ( greater than four to one ) , th e ratio. can be emp l oyed as a 
measure o f  the e f f i ci ency o f  the dis t illat ion uni t . S team consump tion 
ranged f rom 6 . 3 megaj oules per l i ter (22 , 70 0  B tu per gallon )  to 1 4 . 2  
�egaj oules per l i te r  ( 5 1 , 000 Btu per gallon) o f  product , re spe c t ively . 
Table 2 p resen t s  the ef fec ts o f  varying inlet beer tempe ratures 
upon the s team consump t ion of the same dist illat ion uni t .  Cal culations 
can show that the increase in steam energy matches that needed to hea t 
the inle t beer to i t s  b o i l ing point . 
Further research i s  needed to de termine the e f fe c ts o f  o ther 
parameters on the s team requiremen ts o f  d i s t illa t ion . 
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Table 1 :  S team Consump tion ,  in Megaj oules Per L i ter o f  9 6  P e rcent 
Alcoho l ,  Corresponding to D i f ferent Percentages of  Al coho l 
in Bee r , and Dif ferent Reflux Rat ios (Aries , 1 94 7 )  
Ref lux Rat io 
Percent 5 / 1 6 / 1 7 / 1 8/ 1 9 /1 1 0 / 1 1 1/ 1  1 2 / 1  1 3 / 1  
Alcoho l 
in Beer megaj oul es per l iter e thano l 
4 . 0  8 . 2  8 . 9 9 . 7 1 0 . 4  1 1 . 2 12 . 0  1 2 . 7  1 3 . 5 1 4 . 2  
4 . 5  7 . 8 8 . 5  9 . 3 1 0 . 0  1 0 . 8  1 1 . 5  1 2 . 3 1 3 . 1 1 3 . 8 
5 . 0  7 . 4 8 . 2 8 . 9  9 . 7 1 0 . 5 1 1 . 2  12 . 0  1 2 . 7 1 3 . 5  
5 . 5  7 . 2 7 . 9 8 . 7 9 . 4  1 0 . 2  1 0 . 9  1 1 . 7  1 2 . 5  1 3 . 2  
6 . 0  6 . 9  7 . 7 8 . 5 9 . 2  1 0 . 0  1 0 . 7  1 1 . 5  1 2 . 2  1 3 . 0  
6 . 5  6 . 8 7 . 5  8 . 3 9 . 0  9 . 8 1 0 . 5 1 1 . 3  1 2 . 1 12 . 8  
7 . 0 6 . 6  7 . 4  8 . 1 8 . 9 9 . 6  1 0 . 4  1 1 . 1 1 1 . 9  12 . 7  
7 . 5  6 . 5  7 . 2 8 . 0 8 .  7 9 . 5  1 0 . 2  1 1 . 0  1 1 . 8 12 . 5  
8 . 0 6 . 3  7 .  1 7 . 8  8 . 6  9 . 4  1 0 . 1 1 0 . 9  1 1 . 6  12 . 4  
Tab le 2 :  Variat ions in the S t eam Consump tion o f  a Two-Column 
D i s t i l lat ion Uni t , Operating Under 6 / 1 Ref lux and 6 . 5  
Percent Beer , Wi th D ifferent Inlet Temp eratures o f  the Beer 
(Arie s , 1 9 4  7 )  
Temperature , °C . . . . . . .  : 3 8  4 3  4 9  5 4  6 0  6 6  7 1  7 7  82 88 94 
Energy Per Liter , MJ/ 1 :  1 0 . 6  1 0 . 2  9 . 9  9 . 6  9 . 2 8 . 9 8 . 5 8 . 2  7 . 9  7 . 5 7 . 2 
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ETHANOL PRODUCTION PROCES S 
The phys ical nat ure as we ll as the compos i t i on o f  the f luid 
requiring d i s t i l lat ion , re ferred t o  as corn-beer , shoul d be def ined to 
charac terize the ethanol-water separat ion proce s s . The ethanol produc­
t ion proce s s  emp loyed at South Dakota S tate Univers i ty used a batch 
cook and fermentat ion p rocedure followed by cont inuous flow d i s t illa­
tion . In a b a t ch pro ces s ,  each tank i s  indep endent ly f il led and time 
is allowed for the react ion within to b e  comp leted . In a cont inuous 
flow sys tem ,  each s t ep o f  the process  p roceeds concurren t ly .  Refer to 
the t ime-temp erature diagram o f  Figure B-1 in Appendix B f o r  a repre­
sentat ion of the whole p rocess . Cook- fermentat ion t anks are s t aggered 
so as t o  provide a steady f low of  co rn-beer to t he d i s t illat ion tower . 
Although cont inuous f low centrifugat ion o f  the spent s t il lage following 
dis t i llat ion i s  emp loyed t o  remove 7 0  to 80 pe rcent o f  the res idual 
corn solids , none of the clarif ied f luid i s  recirculated int o  the 
following b a t ch . Use o f  a portion o f  this was te i s  recommended in a 
commercial opera t i on to extract addi tional e thano l f rom the corn . 
However , an uncont rolled variable is thereby p o s s ib ly admitted int o  the 
experimen tat ion . Increasing the concent rat ion o f  suspended solids , 
e specially f a t s , could increase ext raneous variat ion in the ob s erved 
data . 
Mill ing , cooking,and fermentat ion p rocedures are now described . 
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Millin g  
Locally p roduce d ,  number two , yellow corn undergoes a dry 
mil l ing pro ce s s  in o rde r t o  expose the kernal ' s  s tarch .  Corn commonly 
cont ain s  69 to 7 3  percent s t arch by wei ght . A 3 . 7 kilowat t  ( f ive 
horsepower) harnrne rmil l  is located d irec t ly under a rai s e d  co rn b in .  
A-2 . 38 mil l imeter ( 3/32 inch) d iame ter s creen assures a f ine , uni form 
grind . Refer to Tab le B- 1 in Appendix B fo r typ i ca l  s ieve analyses 
o f  the ground corn . The s creen also prevents l arge part ic les of 
fore i gn mat te r  or whole corn kernals from plugging o r  damaging pumps 
and o the r sys tem componen ts . 
Cooking 
In the b a t ch cooking process a cooker- fe rrnert er tank i s  par ti­
ally f il le d  wi th 40 to 6 0
°
C { 1 04 to 1 4 0
°
F) condenser cool ing water 
from the d i s t illation towe r . A prede termined amount of g round corn is 
then augered into the t ank . A me chnai cal agitat ion sys tem disperses 
the corn into suspens ion . The quantity o f  corn mixed with a part i cu­
lar quan t ity of t ap ( cooling) wa ter is dependent upon the final 
glucose ( and sub sequently e thano l)  concen t ration sought in the f inal 
com-bee r . For an 1 8  to  1 9  pe rcent by wei ght glucose concen t ra tion 
( 1 0 percent by volume e thanol concen tration ) , a rat io¥ of three 
l i ters of tap water to each kilogram of corn ( 2 0  gal lons of water to 
each bushe l of corn ) is used . Thi s  will yield 3 . 75 li ters of corn­
mash . The co rn-water mixture is re ferred to as co rn-mash prior to 
the b eg inning of f ermentation .  
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Afte r the co rn granule s are tho roughly mixed into s uspension , 
1 2  mil l i li ters o f  alpha-amylase enzyme i s  added per 1 0 0  l i ters o f  corn-
mash . The mixture should have a pH be tween 5 . 5  and 7 . 0 .  The mixture 
is heate d by s te am forced th rough a s teel heating co i l  ins i de the 
tank . At ab out 6 9
°
C ( 1 5 6
°
F) the s tarch granules b egin to rup ture and 
absorb wa ter . As the corn-mash gels , the visc os i ty inc reases  sub -
s tant ially . The vis co s i ty peaks a t  ab out 74
°
C ( 1 6 5
°
F) a s  the enzyme 
begins to b reak the long chains o f  s t arch into sho r te r  cha in dextrins 
( comp lex sugars ) . Th is solub il i zes the s t arch and reduces vis cosity� 
The mixture tempera ture is elevated to 9 3  � 3
°
C ( 1 9 9  + 5
°
F ) . Th i s  
temperature i s  maint ained f o r  at leas t 30 minutes s o  that : one , the 
en zyme has s u f f i cien t  time to randomly cleave ( sp l i t )  the s tarch into 
sho rter chain dextrins and ,  two , th e mixture i s  pas turi zed . Pas t uri-
zation el imina tes unwan ted mi crob ial or ganisms tha t  may con t amina te 
the fe rmen tat ion p ro ce s s . 
The mixture temp erature is then lowe red to 6 0
°
C + 2
°
C 
( 1 4 0
°
F � 4°F) by runnin g co ld wa ter through the heatin g  co i l . At this 
poin t the pH is lowe red to be tween 3 . 8 and 4 . 2 .  Ei gh t  mi l l i l i te rs of 
concen trated ( 9 8  percen t  by wei ght ) sulphuric acid i s  adde d to each 100 
li ters o f  com-mash . Fo rty millili ters o f  gluco-amylase en zyme i s  then 
added for each 1 0 0  l i te rs of corn -mash . Thi s  enzyme f urther b reaks 
the sho rt s t arch mole cules , dextrins , into the s imp le s ugar , glucose 
( C
6
H
1 2
o
6
) .  Re fe r to Fi gure B-2 in Appendix B for a graphical p resen­
ta tion o f  the com-mash ' s  componen t change with time during cooking . 
. 0 0 
After the solut ion is he ld at 60 C ( 1 4 0  F) for four·hours , it  
374457 
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is further coo led to fe rmentation temperature , 28 to 32
°
C (82  to 90
°
F) . 
The glucose- rich co rn-mash i s  now ready fo r fe rmentation . 
Fermentation 
A b rewer ' s  yeast ( as contrasted to Baker ' s  yeas t )  called 
Saccharomyce s cerevs iae, is added at the rate o f  5 to 7 x 1 0
8 
cells 
per liter o f  corn-mash . Continuous agitation i s  not required during 
the 48 hour ,  mo s tly anaerob ic , fe rmentation p ro cess . The chemi cal 
reaction of  g luco se to ethyl al cohol is : 
( O gden, 1 9 7 9 ) . 
Due to the production o f  heat , cooling may be required to maintain the 
0 0 
fe rmentation temp e rature between 28 and 32  C (82 and 9 0  F) . 
Twe lve hours into the fermentation pro ces s ,  4 0  mi l li l iters of  
ammonium hydroxide ( 2 9 per cent by weight solution) is added to each 
1 0 0  liters o f  corn-beer . The b ase has two purposes . The firs t is to 
slightly rai se the pH o f  the solution . The se cond i s  to p rovide 
nitrogen for the reproduction and metabol ism o f  yeast cells . A sub-
stantial inc re ase in fusel o il and other imp urities may res ul t  if 
this s ource o f  nitrogen i s  not provided . 
The corn-bee r should contain ten percent (+ � p e r cent): ethyl 
alcohol a fte r this p roce ss and have a total solids content o f  about 
8 . 5 percent by we i ght . Re fer to Tab le B- 2 o f  Appendix B for a typ ical 
proximate analy s i s  of the f inal corn-beer . 
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THEORY AND DESCRIPTION O F  DISTILLATION EQUIPMENT 
Tower Func tion and Des c rip t ion 
Many vol umes of literature have been wri t ten whi ch de sc ribe 
the d i s tilla tion p rocess  in de tail . The int en t o f  thi s section i s  to 
review only tho s e  aspects whi ch are nece s sary to interpret the results 
o f  the exper imentation performed .  
Ac cording to Carney ( 1 9 4 9 ) , dis tillation i s  a s eparation 
process utili z ing di f fe rences in vola tili ty o f  the component s  o f  a 
fluid s tre am .  Simple distillation i s  the separat ion o f  components o f  
a·mix ture o f  partial vapo ri zation and separate recovery o f  the vapor 
and res idue . Fractional dis t illation cons i s t s  o f  a cont inuous series 
o f  vapori za tions and condensat ion s  in the same co lumn . Enr i ched vapor 
is drawn f rom the top whi le ' s tripped ' liquid res idue is pumped f rom 
the b o t tom. 
South Dako ta State Unive rs i ty employs a continuous flow , frac­
tional dis t illation p roces s to separate ethanol f rom co m-beer . The 
co m-beer feed is s teadily pumped to the d is tillation towe r b y  a 
pos i t ive d isplacement ,  pro gres s ive cavi ty p ump . Re fer to Appendix C 
for a full des c r ip tion o f  the feed pump . The tower i s  a two-column 
uni t o f  s ieve tray (perforated p late )  des i gn ,  3 0 . 5  cent imete rs in di­
ame te r and 4 8 3  centimeters ( 1 9 0  inches ) tall . Re fer to Figures C-6 
through C- 1 0  in Appendix C for drawings and a p i cture o f  the d i s tilla­
tion tower . Th is b inary d i s t illation uni t  ope ra te s  at a tmo s pher ic 
pres s ure . 
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Nine ty- s ix t o  9 9  percent o f  the e thano l is boiled from the corn-beer 
and condensed as a 90 to 95 per cent e thano l by vo lume aqueous so lu-
tion . Figure 1 is a s chematic rep resentation o f  th e overall func tion 
o f  the dis tillation uni t .  
Prehea te d  feed i s  introduced a t  the top o f  the s t ripp e r  column . 
It f lows through this column at a rate of 600 to 9 0 0  l i ters  p e r  hour 
( 1 6 0  to 240 gall ons p er hour) . At the b o t tom o f  the s trippe r  co lumn , 
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low pres sure s team ( 1 0 N/ cm ; 15 p s i )  is inj e cted . The amount o f  
s team supplie d  is dic ta ted b y  the t empera ture i n  the s t ripper column . 
More s team ( and thus higher temperature )  allows for  a gre ater p o r t ion 
of e thano l to be removed f rom the fee d .  This is at the cos t o f  a 
greater ene rgy cons ump tion . 
As the s team b ubles upward , i t  vapo ri zes e thano l f rom the 
co rn-bee r .  The s pent beer (s ti llage) i s  cont inuous ly removed f rom the 
bot tom o f  the s tripper where it is pumpe d  to a centri fuge . The 
e thanol vapor and re s i dual s team flow out o f  the s tripper co lumn and 
in to the b o t tom o f  the re cti fie r column . The s tripper and re c t i f ier 
co lumns are b ui l t  in a serie s  arrangement , func tioning a s  one uni t  
composed o f  two s e gmen ts . 
As the e thano l and wa ter vapor rise through the rec t i f ie r ,  a 
condensation and re-evaporat ion p ro cess  separate s  the e th ano l and 
wa ter . Condensation is  caus ed b y  the circula tion o f  relatively co ld 
corn-b eer feed through s teel co ils a t  the top of the re c t i f ie r . The 
amoun t o f  cool ing d i c ta te s  the quantity of l iquid re f lux t rave l ing 
down the tower . The mo re re flux generated , the coo ler the temp erature 
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Figure 1 :  Typ i cal Two-Column Fractional Di s t illation Uni t  
o f  the column , and the more hi ghly concen trated the e th anol p roduct 
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becomes.  Howeve r , once again , thi s is a t  the exp ense o f  h i gher s team 
consump tion. 
The p reheated feed enters the s tripper s e c t ion at a tempera­
ture o f  approximately 7 5
°
C ( 1 6 7
°
F ) , well above tha t o f  fermen tation at 
30
°
C ( 8 6
°
F )  • . f. d d d h Wa ter in the rect1 1er con enses an raps to t e bot tom 
o f  the column , where i t  is pumped to the top o f  the s tr ipper in order 
to remove any res i dual e thanol pres ent. Re fer to App endix C for a 
copmle te des crip t ion o f  the pump employed for thi s  fun c tion .  The 
vaporized e thanol flows o f f  the top o f  the tower. It is then con-
densed in a wa ter-cooled , coil condens er and remove d  for s torage at 
the rate o f  6 0  to 9 0  liters per hour ( 1 6 to 2 4  gallons per hour) . 
Tower Theory o f  Opera tion 
The dis tillation uni t  has no moving parts. Fi gure 2 on the 
following page presents the idealized manner in whi ch mass and heat 
trans fer th rough the tower (McCabe and Smi th , 1 9 7 6 ) .  Vapor from the 
lower Tray 1 has suf fi cient pres s ure ( supplied by inj ected s team a t  
the bot tom o f  the tower) t o  pass through per fora tions i n  Tray 1 and 
bubb le through a layer o f  l iquid on the top o f  Tray 1 .  S ome o f  the 
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vapor condenses as energy i s  trans ferred t o  the liqui d ; causing i t  to 
boil . In thi s  way, the vapo r travel ing from Tr ay 1 to Tray 2 has 
higher concen tra tion of the mos t  volatile componen t , e thanol, than 
that whi ch trave led into Tray 1 from below . 
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Figur e 2 :  Int ernal Dynamic s of  a Dis t illat ion Tower 
Liquid f lows coun ter curren t to vapor in the p ro ces s .  Over-
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flow f rom Wei r  2 i s  s upp lied by liquid feed in the s t ripper column and 
liquid re flux in the rec ti f ie r  column . Liquid f lows from Tray 2 to 
Tray 1 by Downp ipe 2 .  Thi s proce s s  cont inues downward through the 
towe r .  
Normal opera t ion o f  the s ieve pla te is  charac ter i ze d  b y  small 
pres s ure reduc tions as one moves from bo t tom to top . Figure 2 shows 
the s ta tic head b alance in the downp ipe . z
p 
p rovi de s the driving 
force for overcoming the pres sure drop through the tray . z
1 
i s  the 
head due to fri c t ion in the flow of the l i quid through and out of the 
downp ipe . Z i s  req ui re d  to discharge the l iquid ove r  the wei r .  
cr 
During opera tion of the towe r ,  rates o f  flow mus t b e  kep t  low enough 
to keep the to tal head from imparing flow , tha t is , from exceeding the 
hei gh t  from one weir to the next . This cond i tion i s  moni to red by 
no ting any p re s s ure inc rease during dis tilla tion . 
Thi s  proce s s  is  emp loyed in both the s tr ipper and re c ti f ica-
tion co lumns , al though there are minor di f ferences in the construc tion 
o f  each . For a full descrip tion o f  the d i s t il la tion uni t  emp loyed a t  
SDS U ,  re f er t o  Appendix C ;  Equipment . 
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EXPERIMENTAL PROCEDURE 
The laws o f  con se rvation o f  mass and energy mus t be care fully 
emp loyed in de termining the opera ting charac ter is tics  o f  the dis tilla-
tion tower perta ining to energy consump tion . Each mas s  and ene rgy 
imput was .compared with each mas s and ene rgy output o f  the sys tem . 
Figure 3 is a s chematic rep resenta tion o f  a dis t illa t ion uni t. 
Each fluid en ter ing or exi ting the uni t  was .analyze d .  The tempera-
ture , flow rate, and compos i tion o f  the corn-beer ( feed) were care-
fully controlled during the exper iment. The rate o f  s team flow was the 
dependen t var iab le used in the experimen t. The flow rate , tempera-
ture , and compos i tion of the s t illage were moni tored . The flow rate , 
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Figure 3 :  Typ i cal Two-Column Fract ional Dis tilla t ion Uni t  
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t emp erature , and per cent ethano l by volume in the p roduct were also 
monitored . The rate o f  flow o f  cool ing water as we ll a s  i t s  tempera­
t ure rise was rec orded . Much addit ional informat ion was reco rded 
throughout the system to al low for the analysis of d i s t i l lation 
inte rrelat ionship s .  
There are five crit ical operat ing parameters whi ch are mos t  
important in inf luencin g  the p erformance o f  the d i s t i llat ion uni t . 
These are " corn-beer ethano l concentrat ion , "  " co rn-beer flow rate , "  
"corn-beer inlet  tempe rature, " " st i llage res idual e thano l concentra­
tion , "  and "product ethanol concentration . "  Knowledge o f  how each o f  
thes e  parameters a f fect the energy requirement o f  d i s t il l ation i s  o f  
technical and e conomic interest . 
The f ir s t  operat ing parameter o f  particular interest  i s  the 
" corn-b eer ethano l concentration . ft A corn-beer with seven p er cent 
ethanol will require a d i f ferent quant ity of ener gy to d i s t i l l  than 
one cont aining ten percent ethanol-when o ther factors are held cons tan t .  
The second op erat ing parame ter i s  the flow rate o f  the corn­
beer int o the d is t illat ion unit , " corn-beer flow rate . "  Thi s  de ter­
mines the f low o f  each o f the other f luid s t reams and w i l l  a ffect the 
overal l p er formance o f the d i s t illat ion uni t .  Theoret i cally , a par­
t icular d i s t illat ion uni t  has an op timum operat ional capac i ty for a 
fixed set  o f  opera t ing condit ions and de s i gn p arameters . 
I t  i s  eas i ly recognized that the temperature o f the corn-b eer 
entering the un i t , " corn-beer inlet temperature , "  is of maj o r  conse­
quence to the energy req uirement s  o f  di s t i llat ion . The p reheat ing of 
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corn-b eer in the rec t i f ier provides a nearly uni f orm in let tempera­
t ure . From know ledge o f  the spe c i f ic heat and f low ra te o f  the corn­
beer i t  i s  a s imple calculat ion to de termine energy input when the 
fluid is enter ing the column at slight ly d i ffering temperatures . Thus, 
the parameter can be ad equately charac teri z ed . 
The temperature and f low rate o f  the s t i llage wereal so recorded 
in the exper iment .  The compos i t ion o f  the s t illage , " s t i llage res idual 
ethano l c oncent rat ion , "  is a controllab le parameter . With a ·prope rly · 
des igned d i s t i l lat ion uni t ,  the amount o f  res idual e thano l in the 
st il lage is d i c t ated by the quant ity of  s t eam ener gy inj e c ted into the 
str ipper c olumn , and thus the temperature maintained in the s t r ipper 
column . Economi c s  dictate that a near opt imum leve l o f  extraction be 
achieved . Ene rgy i s  was ted i f  too high a degree o f  separat ion i s  
at tempted , while valuab le ethanol i s  was ted i f  operat ion i s  a t  too low 
a leve l o f  s eparat ion .  
The compo s it ion o f  the ethano l product , "product e thano l con­
centration , "  is the f i f th operat ing parameter . The achieved proximity 
to the azeo t ropi c  compo s i t ion o f  water and ethanol partially dic tates 
the energy requirement o f  the separat ion proce s s . Thi s  compo s it ion is  
cont ro lled in d i s t illation by varying the quan t i ty of  liquid pro duct 
returned t o  the rec t if ica t ion column . Condensat ion of  thi s  ref lux is 
one source of  coo l ing in the system . 
Unfortunately , t ime and money proh ib ited a careful s t udy o f  all 
f ive opera t ing parameters and the . interact ions which might b e  involved . 
A look a t  the s t a t i s tical requirement s  o f  such an exper iment indicates 
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tha t the s ize is  p rohib i t ive . I f  three levels o f  t reatment were made 
for each parameter and four repl i cations made for error analy s is, a 
to tal o f  9 72 da ta points would be required . A reasonab l e  e s t imate o f  
p lant op era t ing t ime required t o  ob tain a single da ta run i s  four 
hours, at a rough op erating cos t of $ 40 per hour . S uch a p rojec t 
would take 324 weeks, as suming three data runs are taken a week, and 
cost  over $150 , 00 0 . 
The expe rimental des ign emp loye d i s  as follows . Two o f  the 
five operat ing parameters were independently analy z e d  wi th four rep li­
ca tions o f  three t reatment levels , for a total o f  2 4  da ta runs . This 
amounted to a pair o f  four week experiments at a t o tal opera ting cost 
o f  $ 3 , 800 . 
The two opera t ing parame ters cho sen to b e  s tudied were " s t i ll­
age res idual e thanol concen trat ion" and "corn-bee r e thanol concentra­
tion" in two separate exp eriments .  The former parameter was chosen due 
to i t s  techni cal and economic imp l ications . I f  an ina dequate p o rt ion 
of the e thano l is ex tracted from the corn-beer, there is an obvious 
economic lo s s . However, too high a degree of separation was tes s t eam 
and decreases the opera t ing capacity o f  the dis ti lla t ion tower by 
raising th e vapor f low rate . 
The fo l lowing p ro cedure was employed in experiment one to 
s tudy the ef fec t s  of varying concentrat ions of re s idual e thanol in the 
s tillage upon dis t illation energy cons ump t ion . Ten p er cent e thano l in 
corn-beer was dis t il led to a 9 2 . 5  percent e thanol pro duct a t  the rate 
of 7 4 2  l i ter s per hour ( 1 9 6  gallons per hour) . The c o rn-beer inle t 
temperature was maintained at 74 . 9°C ( 1 6 6 . 8
°F ) . S ince the op e rating 
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temperature main tained in the s tripper column is us ed to con tro l "s t il-
lage residual e thanol concen tration , "  the temp erature was used to indi-
re c tly rep resent res idual ethano l concentrations . The three leve ls of 
treatment for "s t i l lage res idual e thano l concentrations" were s ub s t i-
tuted by the opera tin g  temperature main tained in the s tripp e r  column , 
"center s t ripper tempera ture . "  The three levels employed were 9 4 . 4
°
C 
0 0 0 0 
( 201 . 9 F ) , 9 5 . 0  ( 2 0 5.0 F ) , and 9 5.6 C ( 2 04 . 1 F ) . The se l evels were 
as s umed to corresp ond to a high , inte rmediate , and low level of res id-
ual e thano l in the s t illage . The three temperature s wer e  maint ained by 
varying the q uan t i ty of s team delive re.d in the s t ripp er column . 
"S t illage res idual e thanol concentration" was no t used directly 
as an independen t variab l e  in experiment one . The lab o ratory p ro cedure 
(Appendix G)  to de termine the "s tillage res idual e thano l concen tration" 
requires two hour s  to p e r form .  The resul ts of  the anlay s i s  we re no t 
availab le in time for use in operation o f  the dis tilla t ion column . 
Hence , one canno t direc tly us e re sul ts o f  thes e  analys e s  as an ope r-
ating p arame ter in the exp e rimen t . 
The s e cond p arame ter , "corn-beer e thanol concentrat ion , "  was 
s tudied be cause of i ts p redi c ted large in fluence upon energy consump-
t ion and be cause of i ts in terrelationship wi th conc·ur·ren t s tudies by 
the Mi crob io logy Dep artment .  The se s tudies invo lved the e f fe c t s  that 
various "com-b eer e thano l concentrations" have upon conve r s ion 
efficiency (We s tby and Gibb ons , 1 9 82) .  
The following p rocedure was used in expe riment two t o  s tudy 
the ef fect o f  varying concentrations of e thanol in the co m-b ee r ,  
"corn-beer e thano l concen trat ion . "  Corn-beer with an inl e t temp era­
ture o f  74 . 4
°
C ( 1 9 5 . 9
°
F) was re fined to a 9 2 . 3  p ercent e th ano l by 
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volume p roduct at the rate o f  74 1 l i te rs p e r  hour ( 1 9 6  gal l ons p er hour) . 
A temperature o f  9 5 . 0
°
C ( 2 0 3 . 0
°
F) was maintained in the cen t e r  o f  the 
s tripper column . Varying amo un ts o f  corn were added to wat e r  during 
the cooking p ro ce s s  to  control the e thanol con centration a f te r  fer­
mentation .  App roximately four li ters o f  water were added to each 
kilogram ( 2 6  gallon s  o f  water to each bushel )  of  corn to a ch ieve 
seven percent co.illl-bee r . Three l i ters o f  water were added to each 
kilogram ( 20 gal lons of  water to each bushel )  o f  corn to achieve 
ten percen t co m-b ee r . Finally , two l i ters o f  wate r we re added to 
each kilogram ( 1 4  gallons of water to each bushe l )  of corn to a-
chieve 13 p ercent co rn-b ee r .  Small amounts o f  water o r  e thanol 
could then be added to the co rn-beer to as sure an e thanol concen tra­
t ion near the three leve l s  o f  treatment sought . 
The "co rn-beer f low ra te , "  the "corn-bee r inle t tempera ture , "  
and the "p roduct e thanol concen tration" will need to b e  s t udied in 
the future . 
Data Col l e c t ion 
The data were col le cted unde r equilibrium condi tions . The 
di stillation tower was ope rated from two to five hours a t  the s p e ci­
fied operatin g  s et tings b e fore data we re re co rded . Two cri teria we re 
e s tab lished fo r de termining adequate equilib rium condi tion s . Firs t, 
the temp e ra ture a t  the cen te r o f  the s tripper column should devi a te 
les s  than 0 . 1 5
°
C (0 . 3
°
F )  from the speci fied exp e rimen tal leve l . 
Second , the t emperature at  the cente r o f  the rectifier sho uld not 
fluctuate more than 0 . 3°C (0 . 5°F) over a p eriod o f  1 5  minute s . Once 
the se c onditions were met ,  the recording of data could b e g in .  
Figure B- 3 in Appendix B depic t s  the dat a  f o rm used for the 
collec tion of sys tem temperatures .  The temperatures during each 15 
minut e interval leading up t o  e quilib rium we re recorded . 
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Figur e  B-4 in Appendix B is the data form used for the remain­
der of data collection . Data wererecorded at 30 minut e int e rval s  
leading up to equilib rium conditions . The s team rate o f  f l ow was 
measur ed by the orifice and dif ferential p res sure cell . Flow rates o f  
corn-beer f eed , reflux , s tillage , coo ling wat er , and e thanol p roduct 
were det e rmined by vo lume p er unit time (with a s top wat ch and b ucke t ) . 
The amount o f  e thanol in the p roduct was measured by a hydrometer . The 
s team p re ssure wa s measured by a QQurdon tub e  typ e  gauge and was used in 
de te rmining the rate o f  ene r gy f low .  Atmospheric pres s ure was an 
uncon tro l led variab le s t udied for p o s sible e f fec t s  in the dis til lation 
p roce s s . Data was acquired from the SDSU Agricul tural Engineering 
Depar tment which wo rks in conj unction with the Nationa l Oceanic and 
Atmospheric Adminis tration in gathe ring weather data . The data were 
taken from a USWB No . 5 5 3- 2� barograph provided by Freiz Baltimo re . 
Ele ct rical me asurement s  were not used in the exp eriment at ion . "Still­
age re sidual e t hanol concent ra tion" was determined by a labo rat o ry 
analysis des cribed in Appendix G. The samp le taken for this analysis 
was acquired a f t er equilib rium conditions were achieved . The last  
reco rdings o f  all the o ther measurement s we re considered ins t antaneous, 
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steady s t ate r e ad ings . 
Analysis  Procedure 
The e f fe c t s  that the two chos en operating parame t er s  have upon 
the magnitude of consumed energy were s tud ied in a stat i s t ical manner .  
The two exp e rimen t s  p erformed were des i gned independen t ly such that 
int erac t ions be twe en the indep endent variab les were not s tudied . 
Four rep l ica t ions o f  t hree leve ls of treatment wer e  made for 
each o f  the ope ra t in g  parameters . A s t at i s t ical mult i p l e  regre s s i on 
was independent ly p e r f ormed invo lving each parameter and the energy 
requirement for the thr e e  levels o f  treatment . Wi th "ener gy per 
liter  e thanol'' a s  the dependent var iable , a total o f  s even independent 
variable s , suspec ted of b e ing related to ener gy consump t ion , were 
analyzed in the mode l s . The s ens i t ivity of the s tat i s t ic a l  te s t  
di c t ated tha t only s even variables  b e  emp loyed in the mul t ip le regre s­
s ion analyses because o f  the l imited number of ob servat ions (12) in 
each of the exp e r imen t s . These seven are p re sented in Tab le 3 for 
each experiment . 
Table 3 .  Selec ted Variab les Emp loyed in the Mul tiple Reg re s s ion 
Analy s e s  
EXPERIMENT ONE 
Dependen t Variab l e : 
energy p e r  lite r  e thanol 
Independent Variables :  
cente r  s t ripp e r  temperature 
co rn-b eer e thanol c oncent ra­
tion 
s tillage residual e thano l 
concentration 
p roduct flow rate 
p roduc t e thanol concen tration 
center rec ti fie r temp e ra ture 
s tillage flow rate 
EXPERIMENT TWO 
Dependent Variab le : 
energy per l i te r  e thanol 
Independent Variab le s : 
corn -bee r  e thanol concent ra­
tion 
top re c ti fie r temperature 
s tillage residual e thanol 
concentra tion 
atmospheric p re s s ure 
p roduc t e thanol concentration 
cen te r  re ctifier temp e ra ture 
s t illage flow rate 
A numb e r  of s ta tis tical terms should be de fined for int e rp re-
tation of the res ul t s . The s t atis tic F is employed in de termining i f  
a particular indep enden t variab le i s  statis tically s i gnifican t i n  the 
p redic tion equat ion . In de c imal fo rm PROB F is the p rob ab i li ty that 
the concl usion of signi ficance is in erro r . A P ROB F of l e s s  than 
0 . 0 5 but greate r than 0 . 0 1  indicate s  the rela tionship unde r s tudy i s  
s ta t i s tically s i gni ficant . A PROB F o f  l e s s  than 0 . 0 1  indi cates tha t 
the p robab i lity th e conclus ion reached is in e rro r is l e s s  than one 
percen t , and it is said tha t the s ta tis t i c  is highly signi f i can t . 
According to Walpole and Myers ( 1 9 7 8 ) , an e s timate o f  the square o f  
the cor re l ation coe f ficien t , r 2 , i s  given b y  the s q uare o f  the s amp le 
co rrelation coe f ficien t , R
2
• Always remaining p o s i t ive and l e s s  than 
one , R
2 
is the de c imal fo rm o f  the percen t o f  variation in the depen-
dent variab le tha t  is exp lained by the mode l under conside ration . 
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To inve s t igate interre lat ionship s  in the operat ion o f  the 
dis t il lat ion towe r ,  s t a t i s t ical correlat ion was det ermined among each 
of  2 2  sys tem var iab le s . The variab les are listed and def ined in 
Tab le B- 3 in Appendix B .  
Data were a l so collected for the purpose o f  p ar t i t ioning the 
expended ene r gy into meaningful component s .  The se component s  inc lude 
the energy required to heat the corn-b eer to an adequate level for 
boiling o ff the ethano l ("corn-b eer heating") , the ene rgy invo lved 
with p roviding re f lux within the rec t i fier column ("re f lux gene ra­
tion") , the energy invo lved wi th the condensat ion of the e thanol prod­
uc t ("p roduc t condensat ion") , and the thermal energy l o s s e s  incurred 
by the sy s tem ("syst em the rmal lo s se s") . The latter i s  found by the 
dif ference between total  energy o f  dis t illat ion and the o ther three 
componen t s . Hence , i t  inc lude s all errors in the analys i s . 
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RESULTS AND DI S CU S S ION 
This s e c t ion p re s en t s  resul t s  ob tained f rom s t a ti s t i cal anal­
yses of the exp e rimen tal da ta . The da ta are first  p re s en ted and the 
dependen t variab le de fined . Next , res ul ts of l inear and mul t iple 
regre s s ion analyses a re employed to show how the dependen t variab le , 
"energy per l i te r  e thano l , "  · i s  a func tion o f  "center s tripp e r  temp e r­
a ture" under the condi t ions o f  the firs t  experiment . Then , results 
o f  l inear and mul tiple re gre s s i on analyses are emp loyed to show 
how "energy p e r  l i te r  e thanol" is a function o f  "co rn-be e r  e thanol 
concentration" under the condi tions o f  the se cond exp e rimen t .  Corre­
lations are p re s en ted whi ch show in te rrelationship s of various meas­
ured variab les in the sys tem .  Finally , s team cons ump tion , as mea sured 
by " ene rgy p e r  l i ter e thanol , "  is p ar t i t ioned into four comp onen ts . 
Da ta 
Nume r i cal values of 22 variab les have b een as s emb led for us e in 
the s ta ti s t i cal analyses . The da ta are pre s en ted in Tab le B-4  in 
Appendix B .  The dependen t variab le in each o f  thes e  e xp er imen ts i s  
li s ted i n  the e i gh th co luiml . " Energy per l i te r  e thanol" i s  the q uo ­
tien t o f  "energy f low ra te" and "p roduct anhydrous e thano l e qu ivalent 
flow rate . "  Therefore , the response in the experimen t s  i s  based on 
an anhydrous-equivalen t l i te r  o f  e thanol . 
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Reg re s s i on Analyses For _Experimen t One 
A mul tip le re gre s s ion analy sis was p erfo rme d b e tween the de-
p enden t vari able , "energy per liter e thano l , "  and the s even in dependent 
variables o f  exp e riment one . The p arame ter , "center s t ripper temp e ra -
ture , "  was t h e  b e s t s ingle-variab le model found by the computer analysts . 
Tab le 4 is  a s ummary o f the �correlations be tween the dependen t variab le 
and each of  the s even indep endent variables s tud ied in the mul tiple 
regre s s i on analy s i s . 
Tab le 4 :  Co rrel ations B e tween "Energy Per L i te r  Ethanol" and Seven 
Indepen den t Variab le s  in Expe riment One 
VARIABLE 
Cen te r  S t rippe r  Tempera ture 
Co m-beer E thano l Concentrat ion 
S ti llage Res idual E thano l Concen tration 
Produc t Flow Ra te 
Product Ethanol Concen trat ion 
Center Re c t i fier Temperature 
S t i l lage Flow Ra te 
0 .  5 3  
0 . 0 1  
0 . 0 7  
0 . 0 1  
0 . 0 6 
0 . 0 8 
0 . 0 8 
**Statis t i cally highly s i gn i f icant , one p ercent leve l . 
PROB F 
0 . 0 0 7 ** 
0 . 7 4 2  
0 . 3 8 9  
0 . 7 1 3  
0 . 45 8  
0 . 3 70 
0 . 3 6 8  
S igni fi can t  f indings o f  the mul tiple regre s sion analys i s  are 
pre s en te d  in Tab le 5 .  The square o f  the e s t imate o f  the correla tion 
coe f ficien t , R
2
, is 0 . 5 3 ;  indicating that 5 3  percen t of the varia tion 
in "energy per l i t e r  e thanol" is  explaine d by changes in "cen ter 
s t ripper temp erature . "  Fi gure 4 pre s en ts a graphical p re s en ta tion of 
the data and this s ingle-vari able relationship . 
Both b ivariate and trivariate regre s s ion mo del s  showed 
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Table 5 :  Bes t Re gress i on Models for Experimen t One , "Cen ter S t ripper 
Tempe ratures"  S e rving as the Parame ter Under S tudy 
BEST S INGLE-VARIABLE REGRES S ION MODEL : 
Intercep t :  
Cen ter S tr ipp e r  Temperature , X :  
Y = - 1 4 . 4 5 3  + 0 . 1 9 2 ( X) 
BEST BIVARIATE REGRE S S I ON MODEL : 
Intercep t :  
Cen ter S t ripper Temp erature , X :  
Cen te r  Re cti fier Temperature , Z :  
R
2 
= 0 . 5 3 
PARAMETER 
ESTIMATE 
- 14 . 4 5 3  
0 . 1 9 2  
R
2 
= 0 . 7 2 
PARAMETER 
ESTIMATE 
- 1 8 . 868 
0 . 2 1 3 
0 . 02 7 1  
Y = - 1 8 . 86 8 + 0 . 2 1 3 (X) + 0 . 02 7 1 ( 2 )  
BES T  TRIVARIATE REGRE S S ION MODEL : 
Intercep t :  
Center S tripper Temperature , X :  
Center Re c t i fie r Tempe ra ture , Z :  
P roduct Flow Rate , W :  
R
2 
= 0 . 88 
PARAMETER 
ESTIMATE 
- 1 9 . 9 1 5  
0 . 2 4 6  
0 . 0 3 10  
-0 . 03 16 
#y = - 1 9 . 9 1 5 + 0 . 2 4 6 (X) + 0 . 0 3 1 0 ( Z )  - 0 . 0 3 1 6 (W )  
If 
Re commended Mo de l . 
F 
3 7 . 6 6 7 ** 
F 
3 7 . 6 6 7 * *  
1 2 . 80 7 * 
F 
3 7 . 6 6 7 ** 
1 2 . 80 7 *  
1 1 . 32 8 *  
s ta ti s ti cal imp rovemen t over the single-vari ab le mo de l . The b e s t  
b ivaria te mode l uses t t cen t e r  s t rippe r  tempera ture" and "cen ter re c t i fier 
temp e ra ture" as a p redi ction of ene rgy cons ump t ion with an R
2 
of 0 .  7 2 . 
The t rivariate model emp loys n center s t ripp e r  temperature , "  "cen­
ter re c t i fi e r  temperature" and "produc t  flow rate" to yie l d  an R
2 
of 0 . 88 .  
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Figure 4 :  Bes t S ingle-Variab l e  L inear Regres s ion Mode l for Exp e r imen t 
One 
Uncontrolled var iations in "center re c t i fier temp e ra ture" and 
"p roduc t flow ra te" s i gni f i can tly influence the dependen t variable . 
I t  i s  recommended that all three independent variables b e  emp loyed for 
the p redi c t ion o f  "ene r gy p er l i ter e thano l" under condi t ions s imilar 
0 ...... 
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to thos e o f  exp e rimen t one . An e f fort . to use "center s t ripp e r  temp e ra-
ture" as a quadrat i c  model to p redic t "energy per l i te r  e thano l" showed 
tha t model was s ta tis t i cally ins i gni f icant . 
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Fi gure 5 :  Evidence o f  the Inverse Relationship Between " S tillage 
Res idual E thanol Concentration" and "Cen ter S tr ipper 
Tempe rature" in Experimen t One 
The ass umed inve rse re lationship be tween " s tillage res i dual 
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e thanol concen tration" and " center s t ripper tempera t ure" s e t t ings was 
not well es tab li shed . As indicated in Figure 5 ,  only 32 p e rcen t of the 
vari ation in "s till age res idual ethanol concentra tion" was exp lained by 
" center s trippe r temp er ature . "  A l ike ly sour ce o f  the p rob lem is the 
large random e rror as s ociated wi th the lab oratory analy s i s  me thod for 
de termini�g " s t i llage residual ethano l concentration" ( see App endix G) . 
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A mo re accurate me thod i s  des cribed by Gunne s s  and B ake r ( 1 9 38 )  
and invo lves the con tro l l e d  oxida t ion o f  e thanol t o  a ce ti c  a ci d  b y  
dichroma te in an a c i d  solution . This me thod is  s ai d  to give ac cep t-
able res ul t s  a t  dilut ions down to 0 . 0 1 percent o f  e thano l b y  we i ght 
in the s t il lage . 
Regre s s ion Analy s e s  for Experimen t Two 
A mul tip le regress ion analysis be tween "energy p e r  l i te r e th-
anal" and th e s even independen t variables of exp e rimen t two p ro duced 
the fo llowing res ul t s . Tab le 6 indi cates the s ingle-variab le rela-
tionship s be tween the dep enden t variable and each o f  the s even inde-
p enden t variables . The exp e rimen tal parame te r ,  "corn-b e e r  e thano l 
con cent rat ion , "  p roduced a s tatis t i cally highly s i gn i f ican t  s ingle-
variab le mo de l . Tab le 7 p resents  mul t iple regre s s ion re sul t s . In 
Tab le 6 :  Correlation Be tween "Ene rgy per L i te r  E thanol" and S even 
Independen t Variables  in Experimen t Two 
VARIABLE 
Com-Beer E thanol Concen trat ion 
Top Rec t i f ie r  Temp e r a ture 
Atmospheric P re s sure 
S tillage Re s idual E thanol Concent ra tion 
P roduc t E thano l Concen t rat ion 
Cen te r  Rec t i fi e r  Tempe rature 
S t illage Flow Rate 
0 . 94 
0 . 02 
0 . 04 
0 . 1 7  
0 . 4 2 
0 . 1 2  
0 . 0 1 
**S t a t i s ti cally h ighly s igni f ican t , one pe rcent level 
P ROB F 
0 . 0 0 1 * *  
0 . 6 5 8  
0 . 5 2 6  
0 . 1 7 6 
0 . 02 3  
0 . 2 80 
0 . 9 9 7  
2 
the cas e o f  the s imp le model in experimen t two , R was 0 . 9 4 ,  indi-
eat ing tha t 94  p e r cent o f  the variations in "energy per l i te r  e thanol" 
is explaine d by changes in "co rn-beer e thanol concen t rat ion . "  
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Resul t s  of higher o r de r analysis indi cate that only the addi-
tion o f  the square of " co rn-beer e thano l concen t ration" is s ta t i s t i -
cally s i gni f i cant . 
2 . 
In this case, R lS 0 . 9 9 .  Figure 6 i s  a graphic 
rep re senta tion o f  th e q uadra tic  model . This model i s  re commended for 
the p redic tion of "energy p er li ter e thano l" under condi t ions s imilar 
to tho s e  of e xp er imen t two . 
Tab le 7 :  Bes t Reg re s s ion Model s  fo r Exp erimen t Two, " Co rn-Beer Ethanol 
Concentration" Se rving as the Parame ter Unde r S tudy 
BEST S INGLE-VARIABLE REGRE S S ION MODEL : 
In tercep t :  
Corn-Be e r  E thanol Concen tration, X :  
Y = 6 . 8 36 - 0 . 2 86 ( X) 
BE ST QUADRATIC REGRE S SION MODEL : 
Inte rcep t :  
Com-Beer E thano l Concen tration , X :  
S quare o f  C o rn-Beer E thano l 
Con cen t ra t ion ,  ( x2 ) :  
R
2 
= 0 . 9 4 
PARAMETER 
E STIMATE F 
6 . 83 6 
-0 . 2 86 
R
2 
= 0 . 9 9 
PARAMETER 
ESTIMATE F 
9 . 9 2 3  
-0 . 9 40 
0 . 0 324 
#y = 9 . 92 3  - 0 . 9 4 0 (x)  + 0 . 0 324 (X2 ) 
If 
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Correlat ion 
S ample corre lation coe fficients have been gene rated among the 
22  variab les of each experiment . The obj ective o f  thi s  e f fo r t  i s  to 
s tudy interrelat ionships in the dis tillat ion p ro ce s s  and s o  to  bet ter 
unders tand that proces s .  Tables B-5 and B-6 p resent the correlat ion 
coe f f icients and the FROB F as s o c iated wi th each . Tab les 9 and 1 0  
present the s t atis tically s i gni ficant results o f  this analy s i s . Wi th 
each correla tion is g iven one possible reason for the relationship . 
However , one mus t  no t cons true correlation as a c ause and e f fect 
relationship as there i s  no evidence for such a relationship . 
One o f  th e mos t  in tr iguing relationships found was tha t be tween 
"atmo spheri c  p ressure" and "produc t e thanol concentrat ion . "  S ince the 
boiling p oint o f  e thanol-water solutions are functions o f  overhead 
pres sure , the rec t i f ier temperatures correlate wi th atmospher i c  p res­
sure . Op erat ion o f  th e tower was then adj us ted to comp ensate for these 
variat ions in t emp erature , resulting in varying p roduc t  ethano l concen­
trations . 
The values in T ab l e  8 indicate that be tween 0 . 2  and 10 . 9  p ercent 
of  the ethano l in the corn-beer is no t recovered dur ing d i s t i llat ion . 
Thi s  loss  is the di f fe rence between the laboratory analys is o f  the corn­
beer ( p erformed on s amples t aken during dist illation) and the f low o f  
anhydrous-equivalent e thano l from the dis t illation uni t . Only one to 
three per centage points is due to  ethanol lo s t  in the spent s t il l age . 
The correlat ion resul ts o f  Table B-5 in Appendix B for  exp eri­
ment one indi ca te that only the "product anhydrous ethanol equivalent 
Table 8 :  Apparen t  E thanol Los s  During Distillation 
EXPERIMENT 1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  
average 
EXPERIMENT 2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  
average 
apparent e thanol 
lo ss , li ters 
per hour 
7 . 5 0 
0 . 1 3  
2 . 9 7 
4 . 38 
6 . 66 
6 . 9 5 
2 . 60 
1 . 35 
2 . 4 7 
2 . 5 5 
4 . 50 
2 . 6 3 
3 . 7 3 
1 . 70 
6 . 4 3 
1 . 5 5 
8 . 8 3 
2 . 2 2 
2 . 5 5 
5 . 4 6 
3 . 80 
4 . 34 
8 . 8 7 
3 . 4 9 
2 . 2 8 
4 . 2 9 
apparent e thano l 
loss , percent o f  
to tal f low 
1 0 . 8 7 
0 . 1 7  
4 . 2 1  
6 . 06 
9 . 24 
9 . 85 
3 . 50 
1 . 86 
3 .  5 1  
3 . 50 
6 . 2 3 
3 . 4 9 
5 . 2 1  
3 . 4 8 
9 . 34 
2 . 2 0 
9 . 4 3 
3 . 1 8  
2 . 7 7 
5 . 80 
5 . 2 2  
9 . 1 3 
1 0 . 25 
7 . 5 9 
4 . 7 6 
6 . 10 
3 9  
40 
Table 9 :  S tat is t i cally S igni f i can t Correl a t ions for Experiment One ; " Cen ter S tr ipper Tempera ture" 
S e rvin g as the Ewperimental Variab le .  
STATIS TI CALLY S I GN I FI CAN T  CORRELATION 
EXISTS BETWEEN THESE QUANTITIES : 
corn-beer e thanol concentrat ion 
ref lux flow rate 
s ti l lage r e sidual ethanol c oncen t r a tion 
center rectifier tempe rature 
s t i l lage res idual e thanol concentrat ion 
s til lage f low rate 
s ti l lage res idual e thanol c oncentration 
r e flux temperature 
energy flow rate 
energy per l i ter e thanol 
energy f low rat e  
center s tripper temperature 
produc t flow rate 
produc t anhydrous e thanol equivalent 
flow ra te 
produc t ethanol concentrat ion 
top rec tif ier temperature 
product ethanol concentrat ion 
center s tripper temp e ra ture 
energy per l i ter e thanol 
center s tripper temperature 
top rec t i f ie r  temperature 
corn-beer inl e t  tempera ture 
s til lage f low rate 
reflux temp e rature 
corn-beer f l ow rate 
com-beer inle t temperature 
corn-beer inlet temperature 
wa ter inlet temperature 
relux flow rate 
center s tripper tempe rature 
apparent ethanol l o s s  
product anhydrous ethano l e q uivalent 
flow rate 
water flow r ate 
water outlet temperature 
' r ' 
0 . 590 
0 . 6 16 
-0 . 75 1  
0 . 7 86 
0 . 805  
0 . 84 2  
0 . 9 6 1  
-0 . 58 3  
0 . 5 8 3  
0 .  7 30 
-0 . 59 2  
-0 . 77 1  
-0 . 6 1 3  
0 . 6 32 
0 .  7 1 2  
-0 . 6 16 
-0 . 900 
* s ta t i s t i ca l ly s igni f icant , 5 percent level 
PROB F 
0 . 04 34 *  
0 . 0329* 
0 . 0048** 
0 . 00 24** 
0 . 00 1 6** 
0 . 0006** 
0 . 000 1 ** 
0 . 0465* 
0 . 0454* 
0 . 00 70** 
0 . 0426* 
0 . 00 34** 
0 . 0 340* 
0 . 0 2 76* 
0 . 009 3** 
0 . 0 3 30* 
0 . 000 1 ** 
** s ta t i s tically h i ghly s igni f i c ant , 1 percent level 
REASON FOR CORRELATION 
unknown 
the "product e thanol conc entra t ion" sought 
is determined by the r e flux gener ated in 
the rectif ier 
column may be more e f f ic i en t  a t  h i gher 
flow rates 
unknown 
column operation is at near cons tan t  rates 
of flow and "corn-beer e thanol conc entra­
tions" 
increasing the "center s t r ipper temperature" 
to e xtrac t more e thanol requires more energy 
same s tream 
"product ethanol concen tra tion" is a 
function of the b o i l ing point of the 
water-e thanol mixture 
column may b e  more e f fi c ient a t  h i gher 
vapor flow r a te s  
increas ing " center s t ripper temperature " 
to extract more e thanol requires more 
"energy per l iter e thanol "  
unknown 
unknown 
unknown 
as winter approaches each ge t colder 
varying the " center s tripper temperature " 
requires d i f fe ring amounts of re flux to 
maintain produ c t  qual ity 
unknown 
heat balance 
4 1  
Table 10 : S t a t i s t ic a lly Signif icant Correla tions for Experiment Two ; "Corn-Beer E thanol Conc entra t i on " 
Serving as the Parame t e r  Under S tudy 
STATISTICALLY S I GNIFI CANT CORRELATION 
EXISTS BETWEEN THESE QUANTITIES : 
a tmospher i c  pres s ure 
produc t e thanol concen tra t ion 
a tmospher ic pressure 
center rec t i fier temperature 
atmospheric pressure 
top rec ti f i e r  temperature 
atmospheric p re s sure 
corn-beer ou t l e t temperature 
corn-beer e thanol concen t r a t i on 
energy flow rate 
corn-beer e thanol concen tra t ion 
produc t flow ra te 
corn-beer e thanol concen t r a t i on 
produc t e thanol concentrat ion 
corn-beer e thanol concentration 
produc t anhydrous e thanol equivalent 
flow rate 
corn-beer e thanol concentra tion 
energy per l i ter e thanol 
corn-beer e thanol concentrat ion 
corn-beer inlet temperature 
corn-beer e thanol concen t r a t ion 
corn-beer outle t temperature 
corn-beer e thanol concen tra ti·on 
wa ter outle t temperature 
corn-beer e thanol concen tra tion 
apparent e thanol loss 
s t illage res i dual e thanol concentrat ion 
cen ter rec t i fier temp e ra ture 
energy f low rate 
produc t flow r a te 
energy flow rate 
produc t e thanol concentrat ion 
energy f low rate 
produc t anhydrous e thanol equivalent 
flow rate 
energy flow rate 
energy per l i ter e thanol 
energy flow rate 
corn-beer inle t temperature 
' r ' 
0 . 666 
-0 . 6 1 4  
0 .  7 1 7  
0 . 6 2 1  
0 . 9 7 8  
0 . 99 1  
-0 . 70 1  
-0 . 99 1  
-0 . 9 7 1  
-0 . 9 1 7  
-0 . 59 7  
0 . 703  
0 . 6 2 7  
-0 . 72 6  
0 . 99 2  
-0 . 72 9  
0 . 99 1  
-0 . 98 1  
- 0 . 9 0 7  
PROB F 
0 . 0 1 82 *  
0 . 0 338* 
0 . 0086** 
0 . 0 3 12 *  
0 . 000 1 * *  
0 . 000 1 * *  
0 . 0 1 1 2* 
0 . 000 1 ** 
0 . 000 1 ** 
0 . 000 1 * *  
0 . 0405* 
0 . 0 1 08* 
0 . 02 9 2 *  
0 . 00 7 5 ** 
0 . 000 1 * *  
0 . 00 7 1 ** 
0 . 000 1 ** 
0 . 000 1 ** 
0 . 000 1 ** 
REASON FOR CORRELATION 
the wa ter-e thanol boil ing point in the 
r e c t i fier d i c tates the " produc t e thanol 
concentration" 
" a tmospher ic press ure " d i c tates the water­
e thanol b o i l ing p o int ; the inve rse r e l a t ion­
ship is no t unders tood 
" a tmo spher i c  press ure" d i c ta te s  the wa ter­
e thanol b o i l ing p o int 
the rec t i f ier temp e ra t ure d ic t a t e s  the 
temperature o f  the c o rn-beer leaving the 
r e c t i fier prehe a t e r  
a h i gher "corn-b e e r  e thano l concentration" 
requires a higher s team energy flow rate 
to the tower 
when more e thanol i s  in troduced to the 
towe r ,  more produc t is real i ze d  
t h e  tower h a s  l e s s  wat e r  to separate from 
the e thanol 
when more e thanol i s  in troduced to the 
tower more e thano l in the p roduc t is 
real ized 
less energy is required when a tower has 
less water to separate from the e thanol 
"corn-beer inl e t  temp e r a tur e "  was pur­
posely var ie d  to control the quan t i ty o f  
reflux gene ra t e d  
"corn-be e r  e thanol conc en t ra tion" a f f e c t s  
r e c t i fier capac i ty a n d  t h e r e f o r e  temperature 
with h i gher "corn-beer e thanol c oncen tra­
tions "  more tcital s team energy and so 
cooling is needed 
unknown 
as the " center r e c t i f i e r  temp e r a ture" 
decreas e s , more e thanol i s  forced through 
the s t r ipper 
more e thanol moving through the co lumn 
requires more to t a l  s team energy 
more energy is required for greater produc t 
re f inement 
more e thanol moving through the column 
requires more total s team energy 
"corn-beer e thanol concen tra t ion" d i c t a tes 
total s team ,  b u t  l e s s  wa t e r  i s  separated 
"corn-beer inl e t  temperature" was purposely 
varied according to the "com-beer e t hanol 
concentrat ion " 
Table 1 0 :  Continued 
STATISTICALLY SIGNIFICANT CORRELATION 
EXISTS BETWEEN THESE QUANT ITIES : 
energy flow rate 
conr-beer ou t l e t  temperature 
energy flow rate 
s ti l lage temp e ra ture 
energy flow rate 
wate r outlet temperature 
corn-beer inle t  temperature 
apparent e thanol lo s s  
corn-beer out l e t  temperature 
water flow r a te 
s ti l lage temperature 
water inle t temperature 
s till age temperature 
water inle t temperature 
s t ill age temperature 
water o u t l e t  temperature 
wa ter f low rate 
water inle t tempera ture 
water f l ow rate 
water outl e t  temp era ture 
wa ter inlet temperature 
wa ter o utle t temp e ra t ure 
produc t ethanol concentration 
center rec t i fier tempera ture 
produc t ethanol concentration 
corn-beer inlet temperature 
produc t anhydrous e thanol equivalent 
flow rate 
energy pe r l i ter e thanol 
produc t anhydrous e thanol equivalent 
flow r a te 
corn-beer inl e t  temperature 
p roduc t anhydrous e thanol equiva lent 
corn-beer outlet temperature 
produc t anhydrous e thanol equiva l en t  
flow rate 
water outlet temperature 
energy per l i ter e t hanol 
corn-beer inl e t  temperature 
' r ' 
-0 . 62 0  
0 . 60 1  
0 . 7 5 9  
-0 . 6 39 
-0 . 59 2  
- 0 . 580 
0 . 94 2  
0 . 886 
-0 . 690 
-0 . 588 
0 . 7 94 
-0 . 8 15 
0 . 60 3  
-0 . 986 
-0 . 894 
-0 . 5 7 8  
0 . 759 
0 . 880 
PROB F 
0 . 03 14 *  
0 . 0 386* 
0 . 0042** 
0 . 0254*  
0 . 0424* 
0 . 04 82* 
0 . 000 1 * *  
0 . 000 1 ** 
0 . 0 14 9 *  
0 . 044 3* 
0 . 00 20** 
0 . 00 1 2** 
0 . 0 3 7 5 *  
0 . 000 1 ** 
0 . 000 1 *  
0 . 0493* 
0 . 0042** 
0 . 0002** 
REASON FOR CORRELATION 
" corn-beer outle t tempera ture" depends 
upon the rec t i fi e r  tempera t ure , and th is 
corre sponds to the " co rn-be e r  e thano l 
concentr a t ion , "  whi ch d i c ta tes the 
"energy f low rate" 
more energy introduced to the tower 
yielded a h i gher " s t il l a ge tempera ture" 
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more s team energy i n to the sys tem d i c t a tes 
more energy mus t f l ow out o f  the sys tem 
unknown 
unknown 
unknown 
a tmospheric pressure could i n fluence bo th 
of the se 
each are func tions o f  the to tal s team 
energy flow ra te 
unknown 
the h igher the f low rate the lower the 
temperature r i se ne eded to remove the 
same energy 
the h i gher the inl e t  temp e ra ture , the 
hi gher the outlet tempera ture for equal 
energy removal 
the wa ter-e thanol b o i l ing point in the 
rec t i f ier d i c ta tes the " produc t  e thanol 
concentrat ion" 
"corn-beer inle t tempe ra ture" was purposely 
var ied a c co rding to " c orn-b eer e thanol 
concentra t ion" ; "product e thano l concentra­
t ion" correlates with this 
the e thanol f low rate is d i c tated by "corn­
beer ethanol concent r a t ion" ; whi ch de ter­
mines energy consump t ion 
"corn-beer inlet temperature" was purposely 
varied according to "corn -beer e thanol 
concentrat i on" ; the e thano l f low rate 
correlates wi th t h i s  
"corn-beer o u t l e t  temp era ture correlates 
w i th "corn-beer e thano l concentrat ion" ; 
which dic tates e thanol f l ow rate 
e thanol flow rate i s  d ic ta te d  by " c o rn­
beer e thanol concentra t ion" ; which c o rre­
lates w i th the rec t i f ie r  tempera ture and 
to "wa ter outlet tempera ture" 
" co rn-beer inlet temperat u re was purposely 
varied accord ing to " co rn-beer e thano l 
concentrat ion" ; "energy p er l i ter e thanol" 
correlates with this 
Table 1 0 :  c on t inued 
STATISTICALLY S IGNIFICANT CORRELATION 
EXISTS BETWEEN THESE QUANTITIES : 
energy pe r l i ter e thanol 
s tillage tempera ture 
energy pe r l i ter e thanol 
water o u t l e t  temperature 
center rec ti f ier tempera ture 
s t illage temperature 
s t i l lage f low rate 
wa ter flow rate 
corn-beer inle t temperature 
corn-beer ou tlet temperature 
product flow rate 
product e thanol conc entrat ion 
product flow rate 
produ c t  anhydrous e thanol equivalent 
f low rate 
produc t flow r a te 
energy per l i t e r  e thanol 
produc t flow rate 
corn-beer inle t  temperature 
produc t flow ra te 
corn-beer o u tle t temperature 
p roduc t f low rate 
s tillage tempera ture 
product f l ow rate 
water outlet tempera ture 
produc t ethanol concen tra tion 
produc t anhydrous e thanol eq uivalent 
flow rate 
product e thanol conc en tra t ion 
energy per l i ter e thanol 
' r ' 
- 0 . 6 24 
-0 . 826 
0 . 58 1  
-0 . 6 2 3  
0 . 704 
-0 . 699 
-0 . 99 9  
-0 . 98 7  
-0 . 89 9  
-0 . 58 3  
0 . 5 7 7  
-0 . 760 
-0 . 69 2  
0 . 64 6  
* 
** 
S tatis t ically s igni f i can t ,  f ive p ercent level 
S ta t is t ically h i ghly s ignif ican t , one percent level 
PROB F 
0 . 0 30 3* 
0 . 0009** 
0 . 04 7 7** 
0 . 0 305* 
0 . 0 1 07*  
0 . 0 1 1 4 *  
0 . 000 1 ** 
0 . 000 1** 
0 . 000 1 ** 
0 . 0478* 
0 . 0496* 
0 . 004 1 ** 
0 . 0 1 2 6 *  
0 . 0 2 3 2* 
REASON FOR CORRELATION 
less energy consumed d i c t a tes a lower 
" s t illag e  temp erature" 
"energy per l i te r  e thano l "  correla tes 
with "energy f low rate" which d i c tates 
the energy to b e  removed 
atmo spheric pressure could in f l uence 
b o th o f  these 
unknown 
the high er the inl e t  t emp e rature , the 
outlet temperature for e qual energy 
removal 
s team energy correlates with " c o rn-beer 
ethanol concentrat ion , "  s o  the r e  i s  less 
wa ter· to be separated 
these are the same f l u id s treams 
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"produ c t  f l ow rate" correlates w i th "corn­
beer ethanol concentrat ion ; "  so there i s  
less wa ter to be separa ted 
"corn-beer inle t temp e ra ture" is based on 
"corn-beer e thanol concentration" ; which 
dic tates produ c t  f low 
"product f low rat e "  depends on " c o rn-beer 
e thanol concentra t ion" ; whi ch d i c tates the 
rec t i f ie r  tempera ture and so " co rn-beer 
outlet temperature" 
"product f low ra te" correlates w i th 
"energy f low rate" ; whi c h  d i ca t es 
" s tillage tempera ture" 
"produc t flow rate" correlates with 
flow ra te " ;  which d i c ta te s  more energy 
to be removed 
lower e thanol f low rates allow for b e t te r  
s eparat ion in t h e  rec t i f ie r  
a h i gher degree o f  s eparat ion requires 
more energy 
44 
flow rate" corre lates wi th this loss . From Table B-6 in App endix B ,  
for experimen t two the correlation resul ts sugges t a relationship 
between the " apparent ethanol loss" and "corn-beer e thano l concentra­
t ion" as well as  " c o rn-beer inlet temperature . "  
I t  is not apparent as t o  where the dis crepancy o ccurs . Meas­
urements o f  ethanol concentrations o r  flow rates of fluid s treams are 
likely sources of error . There i s  no correla tion between "water o ut­
let temp erature" and "apparent ethanol loss " ; ruling out thi s  l ikely 
pos s ib il i ty . 
Component s o f  S team Consumption 
S team consump t ion , as measured by " energy per l i ter e thanol , "  
has been par t itioned into f our components . These are " co rn-b eer 
hea ting , "  " r e fl ux generation , "  "product condensat ion , " and " system 
therma l  los ses . "  Re sul ts f rom this analysis are p resented in Tab le 11. 
"Corn-beer heat ing" requi re d ,  on average , 20 percent o f  the di s t illa­
t i on s team consumed ; " re flux generat ion , "  38 percent · "product conden­
sat i on , " 1 8  percent ; and " system thermal losses , "  24 percent . 
Of par t i cular interest in Table 11 is the fact tha t , for 
experiment two , " system thermal losses " per liter o f  ethano l increases 
in the case when s even p ercent co rn-beer is used ( rows 1 ,  9 ,  11 , 1 2 )  
and decreases in the case when 1 3  percent corn-beer is u s e d  ( rows 4 ,  6 ,  
7 ,  10) . As ant i c ipated , the energy given up for the condensa t i on o f  
the p roduc t , "p roduc t condensat ion , "  remained cons tant when measured 
on the b as is of a l i t er of ethano l . 
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Table 1 1 :  Parti tione d  " Energy P e r  L i ter Ethanol"  i n  Megaj oules 
Per Li ter 
corn- reflux product sys tem 
beer generation c ondensat ion thermal 
he at ing los ses 
MJ/ 1  
EXPERIMENT 1 
1 0 .  79  1 .  4 3  0 . 80 0 . 8 8 
2 0 . 6 9 1 . 2 1  0 . 7 6 0 . 8 1 
3 0 . 7 3 1 . 40 0 . 66 1 . 05 
4 0 . 6 6 1 . 3 7 0 . 70 0 .. 9 6  
5 0 . 6 6 2 . 20 0 . 05 0 . 9 5 
6 o .  79  1 . 28 1 . 04 0 . 64 
7 0 . 7 6 1 . 5 8 0 . 4 3 1 . 20 
8 0 . 82 1 . -50 0 . 66 0 . 8 7 
9 0 . 83 1 . 39 0 . 74 o .  84 
1 0  0 . 7 8 1 .  4 3  0 . 74 0 . 84 
1 1  0 .  79  1 . 3 2 O e 70 0 . 89 
1 2  0 . 7 7 1 . 5 7  O e 7 1 0 . 88 
average 0 . 7 6 1 . 4 7  0 . 6 7 0 . 90 
percent o f  to tal 2 0  3 9  1 7  24  
EXPERIMENT 2 
1 1 . 1 8 1 . 90 0 . 6 0 1 . 20 
2 0 . 8 6 1 . 4 3 0 . 74 0 . 85 
3 0 . 85 1 . 3 7 0 . 7 2 0 . 8 3 
4 0 . 6 5 1 . 05  0 . 7 8 0 . 6 3 
5 0 . 85 1 . 38 0 . 7 1  0 . 80 
6 0 . 6 6 1 . 0 7  0 . 7 4 0 . 6 5 
7 0 . 6 6 1 .  09' 0 . 7 7 0 . 60 
8 0 . 83 1 . 35 0 . 7 6  0 . 8 1  
9 1 .  0 3  1 . 9 6  0 . 7 2 1 . 29 
1 0  0 . 5 6 1 .  1 7  0 . 7 3 0 . 8 1 
1 1  0 . 9 4 1 . 9 3 0 . 69 1 . 4 7 
1 2  0 . 9 5 1 . 9 2 0 . 6 7 1 . 44 
ave rage 0 . 84 ' 1 . 4 7 0 . 7 3 0 . 9 5 
per cent o f  to tal 2 1  3 7  1 8  2 4  
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The pos s ib i l i t ies f o r  reducing e ach o f  these four c omponents 
of s team consump t ion are as follows . By use o f  ho t s ti l lage in a heat 
exchanger between the rec tifier and the stripper columns , the " co rn­
beer heating" req uirement might be cut in hal f . "Refl ux generat ion" 
can be reduced under two conditions . Firs t ,  imp rovement s  in the des ign 
or cons t ruct ion o f  the rectifier co lumn wil l  decrease the amount o f  
reflux req uired f o r  a given sep aration . Also , i f  a lowe r "product 
ethanol concentrat ion" can be tolerated , then less reflux and thus less 
energy will be requi red . "Product condensat ion" i s  one area where the 
energy requ irement canno t be reduced.  However ,  if the energy from the 
condenser wa ter can be reused , as in the cooking p rocess , then 
increased p lant e f fi ciency can be anticipa ted . The s tripper and rec t i ­
fier columns a r e  insulated wi th f iberglass . However , a reduct ion in 
"sys tem thermal losses " may be realized with further insulation of the 
disti llation apparatus . 
The reflux ratio o f  the di s t illat ion p roce s s  is de f ine d as the 
ratio of the quantity of l iquid ethanol returned to  the top of the 
rec t ifier column to the quantity of ethanol p roduct removed from the 
proces s . I t  is a measure o f  the effi ciency o f  the di s ti l la t i on p ro cess 
and can be de termined by d ividing the energy o f  "reflux generation" by 
"product condens a t ion . " However , s ince s ignif i cant "sys tem thermal 
losses" are invo lved , the reflux ratio has not been es t ima ted for the 
dis t illat ion tower at  SDSU . High "sys tem the rmal losses" induce error 
in the calculations of re flux rat io , inval idat ing the values ob tained . 
These los ses a re helieved to  be respons ib le for the irregulari t ies o f  
the data f o r  row five in experiment one a s  shown i n  Tab le 11 . 
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Results o f  correlation analyses between the dependent vari able 
"energy per liter e thanol" and each o f  these four comp onents in exp er i­
ment one y ie l d  the r esul t s  in Tab le 1 2 . None o f  the four comp onents 
independently exp la ined a s tatist i cally signif icant p o r t ion of the 
s team requi rement f o r  the f irst experiment . Henc e , knowledge of a com­
ponent o f  "energy per liter ethano l "  canno t be emp loyed to p redict the 
to tal s t eam requirement on the basis of this s tudy . 
A t o tally d i f ferent picture emerges in the second e xper iment . 
Tab le 1 3  indicates that the component , " re flux generation , "  p redicts 
9 9  percent of the var iation in "energy per l i ter ethanol . "  Hence , by 
measuring this single comp onent , one may be ab le to predict the total 
s team requirement under s imilar opera t ing conditions . 
The reason for the dif ference in the signi f i cance o f  the resul ts 
in Tables 1 2  and 13 can be observed from Figures 4 and 6 .  In experi­
ment one , the s team consump tion varied ( from 3 . 5  to 4 . 0 megaj oules per 
liter) much less than in experiment two ( f rom 3 . 0  to  5 . 0  megaj o ules p er 
liter) . Hence , the s ens i t ivity o f  the analys is o f  experiment one is 
much poorer than that of experiment two . 
Co rrelat ion data were generated among the four comp onents o f  
energy consump tion as well a s  between them and the 2 2  variables s tudied 
earlier .  The analy s i s  was p erformed , but did no t yield any help ful 
rel ationship s .  The co rrelation coe ff icients are lis ted in Tab les B- 7 
and B-8 , App endix B .  
The result s  compiled herein are based upon a l imited number o f  
observat ions . Further study is required befo re a complete understanding 
Tab le 1 2 : Co r relat ions Be tween " Energy Per Liter E thano l "  and the 
Four Components of Par titioning of Experiment One 
COMPONENT R
2 
PROB F 
Corn-Beer Heat ing 0 . 11 0 . 2 81 
Ref lux Generation 0 . 2 8 0 . 0 79 
Product Condensat ion 0 . 1 2 0 . 2 7 9  
Sys t em Thermal Losses 0 . 2 1 0 . 1 3 5  
Table 1 3 : Correl� tions Be tween " Energy Per Liter E thano l" and the 
Four Components of Partitioning of Experiment Two 
COMPONENT 
Corn-Beer He ating 
#Re f l ux Gene rat ion , X 
P roduc t Condensation 
Sys tem Thermal Los ses 
0 .  80 
0 . 9 9 
0 . 6 2 
0 . 9 3 
#Yields regress ion equat ion o f  Y = 2 . 19 8  + 0 . 750 ( X) 
**S tatist i cally highly signif i cant , one percent level . 
PROB F 
0 . 001** 
0 . 00 1** 
0 . 0 0 2** 
0 . 001** 
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o f  dis tillation interrelationships is obtained . S ince only f ive months 
of intermittent op erat ion has been realized , further experimenta tion is 
recommended before long-term conclusions are drawn about the per fo rmance 
of the mach inery under invest igation . 
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SUMMARY AND CONCLUS IONS 
S te am energy consump tion of small-s cale frac tional d i s t i ll a-
tion at the S outh Dako ta S tate Univers i ty Al coho l Fue l s  Res earch 
Facility was de termined . The two-column uni t  under s tudy i s  o f  s ieve 
tray de s ign and o p e ra te s  at atmo spheric p re ss ure . The s ta inle s s  s teel 
towe r  is 30 . 5  centime ters ( 1 2 inches ) in diame ter and 483 centime ters 
( 1 90 inche s ) tall . I t  i s  capab le o f  re fining 90 l i ters  ( 2 4  gal lons ) 
per hour o f  92 . 5  percen t e thano l product from a t en percent e thano l 
co m -beer . 
Five op era t in g  parame ters conside red to b e  mo s t  imp o r tan t  in 
in fluencing the p e rfo rman ce o f  the dis t illation tower are the camp o-
s i tion o f  the corn-beer feed , the flow rate o f  the corn-beer feed , 
the inle t temperature o f  th e corn-bee r feed , the compo s i t ion o f  the 
spen t s t illage , and the compo s i tion of the e thanol produc t .  Two o f  
these ,  the compo s i tion o f  the spen t s t illage and the comp o si tion o f  
the corn-beer feed , we re s tudied i n  expe rimen t s  one and two , respec-
tively , to de te rmine e f fe c t s  up on the energy consump tion o f  the di s �  
tillation p ro ce s s .  A t o t al o f  2 2  system variab les were s tudied in 
each experimen t . 
In the first  experiment , the energy requiremen t for dis til-
lation was s t udied by varing the concentration of e thano l in the 
spent s tillage . This was done by sett ing the temp erature a t  the. 
0 0 0 0 
center o f  the s t ripper column at 94 . 4  C ( 20 1 . 9  F) , 95 . 0  C ( 2 0 3 . 0 F) , 
0 0 
and 9 5 . 6  C ( 20 4 . 1  F) . With the conditions o f  experiment one , an in-
verse relat ionship ( R
2 
= 0 . 8 8 )  was developed b e tween the ene r gy 
requi rement o f  d i s t i l lat ion and the tempera ture at th e cen t e r  o f  the 
5 1  
s tripper column when the variab le s  " cen ter rec ti fier temp e ra ture" and 
" p roduc t e thanol concentration" were included in the mode l . An e f fo r t  
to es t ab lish th e ass umed re lationship be tween " s til lage res idual 
e thano l con cen trat ion" an d " cen ter s t ripper temeprature" p rove d  incon-
elus ive , however .  
In the s e cond experimen t , the energy requirement for  d i s t i lla-
tion was s tudied by se t t ing the concen tra tion o f  e thanol in the corn-
beer feed a t  7,  1 0 ,  and 13 percen t by vo lume . Wi th the cond i t ions of 
experimen t two , an inverse , quadra t i c  relat ionship ( R2 = 0 . 9 9 )  was 
developed b e tween the ene rgy requi remen t of dist illat ion and the 
" co rn-beer e thanol c oncen t rat ion . "  
The ave rage total s team ene rgy requi rement o f  the uni t  during 
the two exper imen t s  was 3 . 88 me gaj oules per liter ( 1 3 , 9 00 Btu p e r  
gallon) o f  e thano l ,  exc lus ive o f  bo iler e f ficien cy . 
In terrela tionsh ips o f  parame ters in the d i s t illation pro ces s  
we re s tudied by u s e  o f  co rre la t ion analyses among 2 2  system variab le s . 
For in s t ance , a tmo spheric  fluc tua tions have b een found to corre late 
with p erfo rmance o f  the dis t illation equipment for condi t ions o f  
experiment two . Three percen t o f  the measured e thano l in the co rn-
beer coul d  no t be acco un te d  fo r in the dist i llation p ro ce s s .  A s tudy 
o f  the dis tillation in terrelationship did no t p rovide ins i gh t  as to 
wha t  the s o urce o f  th e d i f f icul ty was . 
5 2  
The to tal s t e am energy requiremen t o f  dis tillation was par t i ­
tioned in to four componen t s . Heat ing o f  the co rn-beer required 2 0  
percent o f  the e nergy ; re flux generation , 38  percent ; p ro du c t  conden­
sation ,  1 8  percen t ; and sys tem thermal los s e s  ab s orbed the remaining 
24  pe rcen t . 
The d i s t illation tower and asso ciated equipment op erated 
satis factor i ly durin g  the experimentation . Smal l-s cale e thanol 
p roduction from co rn appears techni cally f ea s ib le based upon thi s  
s tudy . Howeve r , add i tional expe rimenta t ion i s  nee de d  t o  e s tab lish 
long term eq uipmen t per formance . 
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RECOMMENDAT IONS FOR FURTHER RESEARCH 
Further research i s  needed to ful ly charac te r i ze the per form­
ance o f  the Sou th Dako ta S tate Univers i ty dis t illation uni t .  Three 
add i tional op era tin g  p arame ters , " corn-beer flow rate , "  " corn-beer 
inle t temperature , "  and " p roduct e thano l compos i t ion" should each be 
independen tly s tudied for e f fects upon the "energy per l i t er e thanol" 
consume d . The two mos t  impor tan t are " corn-beer flow rate " and 
"p ro duct e thanol concen tra tion" ; as Aries ( 1 9 4 7 )  has s tudied "corn­
beer inl e t  temp erature . "  
In a dd i t ion , var ious comb ina tions o f  the variab les should b e  
s tudied for in te rac t ion e f fe cts . The quan t i ty o f  e thanol extracted 
in the d i s t illation p ro ce s s  i s  s omewhat less than that contained in 
the int i t ial corn-b ee r .  The s ource o f  the loss shoul d  b e  de termined . 
Al so , work is needed in e s tab l ishing a more ac curate laboratory p ro­
cedure for de termining the " s t illage re sidual e thanol concentra tion" 
asso c iated wi th each " center s t rippe r tempe rature" s e t t ing . 
5 4  
REFERENCES 
1 .  Aries , E .  R .  19 4 7 .  
distil lation uni ts . 
Steam consump t ion o f  two-column alcohol 
Internat ional Sugar Journal 49 ( 5 7 8) : 45-4 7 . 
2 .  Beckwi th , T .  G .  and N .  L .  Buck . 1 9 6 9 . Mechanical mea surements .  
55 
Addison-Wes ley Publishing Company , Reading , Mas sachus e tt s , 642 p .  
3 .  Bos song , K .  19 80 . A history o f  alcohol fuels .  The Ener gy 
Consumer .  U .  S .  Dep artment o f  Energy , O f fice o f  Consumer Af fairs , 
U .  S .  Government P r inting O f f ice , Washington , D .  C .  January : 2- 3 . 
4 .  B rachvo gel , J .  K .  1 90 7 . Indus trial alcoho l , i t s  manufac ture and 
uses . Munn & C ompany , Publishers , New York , 5 1 6  p .  
5 .  Cal ingaert , G .  1 9 2 5 . Mul tiple-E f fect distillat ion o f  ethyl 
alcoho l . Chemical and Metallurgical Engineering 3 2 ( 9 ) : 3 6 2- 3 6 3 .  
6 .  Camp io n ,  M .  19 5 2 .  Fuel e conomy in the dis t illery . I nternational 
S ugar Journal 5 4 : 1 5 7 .  
7 .  Carney , T .  P .  1 9 4 9 . Lab oratory fract ional dist illa t ion . The 
Macmillan Company , New York , 2 5 9  p .  
8 .  Dobb s , T .  L . , R .  Hof fman , and A .  Lundeen . 1 9 81 . Framework for 
examining economic feas ibility of  small- scale al cohol p lant s . 
Series Number 81- 3 .  Economics Department , South Dako ta S tate 
Univers ity , 34 p .  
9 .  Dob s on ,  C .  B .  1 9 5 0 . Indus t rial alcohol , present day dis t illation 
p r ac t ice . Chemis t ry and Industry : 5 9 9-600 . 
10 . Freshwater ,  D .  C .  19 5 1 .  Therma l economy in dis t illat ion . 
Transac t ions o f  the Insti tution o f  Chemical Engineers 2 9 ( 1 ) : 
149-160 . 
11 . Herman , A . , E .  M .  S tal lings , and H .  F .  Willkie . 1 9 4 2 . Chemica l 
enginee ring developments in a grain dis tillery . Amer ican Ins t i t ute 
o f  Chemi cal Engineers 38 : 7 9 1- 812 . 
12 . Horwitz , W .  19 70 . O f f i cial me thods o f  analysi s  o f  the associat ion 
o f  o f f i cial analy ti cal chemists . As so ciat ion o f  O f f ic ial Analy ti­
cal Chemis t s , Washington ,  D .  C .  1015 p .  
1 3 .  Jantzen , D .  and T .  McKinnon . 1 9 80 . P reliminary energy balance and 
economi cs of a farm- s cale ethano l p lant . Solar Energy Research 
Insti tute , Golden , Colorado , 9 p .  
56 
REFERENCES. , continued 
14 . Jennings , B .  H .  1 9 70 .  Environment al engineering , analysis and 
practice . Interna tional Textbook Company , S cranton , P ennsylvania , 
765  p .  
15 . Marille r ,  C .  1945 . Determination o f  the s team consump tion o f  a 
rect i f i cation column .  Associat ion des Chemis tes 6 2 : 2 91-29 9 . 
16 . McCabe ,  W .  L .  and J .  C .  Smith . 19 76 . Uni t  operat ions o f  chemical 
engineer ing , 3rd ed . McGraw-Hill Book Company , New York ,  1 0 2 8  p .  
1 7 .  Ogden , R .  L .  19 7 9 . P roduct ion p ro cess  for alcohol f rom foo d­
s tuffs . p 15- 1 8 . In : Cooperat ive Extension Service , University 
o f  Nebraska .  Ethano l p ro duct ion and utilization� 8 3  p .  
1 8 .  Oura , E .  19 7 7 .  Reaction products o f  yeas t fermentations . Process 
Biochemis t ry 1 2 :  19-21 . 
19 . Pennwal t  Corporat i on . Sharples hori zontal super-d-canter centi­
fuges , bulletin 1 2 70 .  Sharples-S tokes Division , Penwal t  Corpora­
t ion, Warmins ter , Pennsylvania , 13 p .  
20 . Phys ics Depar tmen t .  19 80 . Physics 211 laboratory manual .  S outh 
Dakota S tate Univers i ty , Brookings , South Dakota , 60  p .  
21 . Presco t t , S .  C .  and C .  G .  Dunn . 1959 . Indus t rial microbiology , 
3 rd ed , McGraw-Hill Book Company , Incorporated � New York. , 9 4 5  p . 
2 2 . Pyke , M .  1965 . The manufacture o f  s co tch grain whisky . Ins t i tute 
of Brewing 71 : 209-21 8 .  
2 3 .  Reed , G .  and H .  J .  P epp ler . 19 7 3 . Yeas t techno logy .  The AVI 
Pub lishing Company , Incorp o rated , Wes tpo rt , Connecticut , 3 7 8  p .  
2 4 .  Reich , G .  T .  
t ion p ro cess . 
7 1 6- 7 1 9 . 
1929 . E thyl alcohol indus try improves i ts dis t illa­
Chemical and Me tallurgi cal Engineering , 3 6 ( 1 2 ) : 
25 . Spink , L . K . 1 9 72 . P rinciples and practice o f  flow me ter engin­
eering, 2nd e d .  Th e Foxboro Company , Foxboro , Mas s ac hus e t t s , 575  p .  
2 6 . Suomalain , H .  1 9 7 1 . Yeas t and its effect on the flavor o f  alco­
holic bever age s . Ins t itute of  Brewing , 7 7 : 1 64-1 7 7 . 
2 7 . Underko f ler , L . A . , and Hickey , R . J .  1 9 5 4 . Indus trial fermenta­
t ions , Volume 1 .  Chemical Publishing Company , Inc o rp o rated , New 
York , 5 65 p .  
5 7  
REFERENCES ,  con tinued 
2 8 . Uni ted S tates Bureau o f  the Census . 1 9 80 . S tatis tical ab s trac t 
o f  the Uni ted S tates . Uni ted States Governmen t Printing O f fice , 
Washington ,  D . C . , 1 05 9  p .  
29 . Wall S tree t  Jo urnal . " Cash Prices . "  Wall S tree t Journal . 
1 9 7 3- 19 82 . 
30 . Walpole , R . E . , and R . H .  Myers . 1 9 7 8 .  
for enginee rs and s cientists , 2nd ed . 
pany , Incorporated , New York , 5 80 p .  
Probabili ty and s tatis tics 
Mcmillan Pub lishing Com-
3 1 . Weas t ,  R . C .  1 9 80 . CRC handbo ok o f  chemis try and phys ics . CRC 
Pres s ,  Inco rpo rated , Boca Raton ,  Flo rida, C 1-C75 1 .  
32 . Webb , A .  D .  1 9 6 3 .  Fusel oil . 
(ed . ) .  App lied microbiology . 
p 3 1 7- 35 3 .  In : W . ··w .  Umb reit 
Academic P res s ,  New York . 
3 3 .  Wes tby , C . A . , and W .R .  Gibb ons . 1 9 82 . Farm-s cale p ro duction o f  
fuel e thanol and we t grain from corn in a batch p ro ce ss .  Bio­
technology and Bioenginee ring ; in pres s . 
34 . Yan g ,  R. D . , D . A . _. Gro:W ._ and W . E . Gol·d� tein . 1 9 82 . P ilo. t  p lant 
s tudies o f  e thanol production . Gasohol USA 4 ( 2 ) : 1 3- 1 8 .  
35 . Gunnes s ,  R . C .  and J . G .  Baker . 1 9 3 8 .  Performan ce o f  commercial 
perforated plate dis tillation column .  American Ins ti tute o f  
Chemi cal Engineers 34 : 7 0 7-730 . 
5 8  
APPENDIXES 
APPENDIX A 
PROJECT BACKGROUND 
The alcoho l  fuels research proj ec t at South Dako t a  S t ate  
Un ivers ity was in i t ia t e d  through the e f fort s of an indu s t r ial 
microb iologist  in the Mic rob iol ogy Departmen t . Dr . Pau l Mid daugh 
had the in it ial in s i ght t o produ ce a res ea rch e ffort a imed a t  
5 9  
conver t ing ce llulos ic agricultural res idues and other was te mat e r ials 
into gluc o s e , a s imple sugar . The gluc o s e  c ou ld then be u s ed fo r a 
number of  pu rpos es , inc luding the pro duct ion o f  ethyl alcoho l ( e thano l ) . 
In Apr il of  1978 , Mid daugh rec e ived a $ 3 0 , 000 grant from the East 
River Elec t r ic Cooperat ive o f  Mad ison , South Dakota , t o b eg in this 
study . By Apr il o f  1982 , a total o f  f ive grants from var iou s source s 
were award ed to Middaugh ' s  proj ec t . 
A small scale p lant that c ould - convert gluco s e  t o  ethy l  alcohol 
was estab l ished . Throu gh fermentat ion ,  the glucos e was converted t o 
ethanol and then t he ethano l ext rac ted , ref ined , and f inally u t il iz ed 
60 
as  fue l for internal combus tion ( gasoline ) engines .  
Dennis Vande r Griend , a me chanical engineering s tuden t ,  was 
the key to the e s tab l i shmen t of  the e thano l extrac t ion and re finemen t 
proce s s . Thro ugh h i s  e fforts , a b inary distillation towe r was con­
s tructed of mi l d  s teel . The towe r ,  a two-column unit o f  s i eve tray 
de s i gn o pera ting a t  a tmo spher i c  p re ss ure , was 30 . 5  cen time ters ( 1 2 . 0  
inche s )  in diame te r and capable o f  re fining 8 3  l iters ( 2 2  gal lon s )  
o f  9 5  percen t by volume e thyl alcohol p e r  hour . 
On Ap ri l 1 9 ,  1 9 79 , Dr . Middaugh re ceived no t ice tha t h i s  
application f o r  a small s cale , al cohol fuel pro ducers permi t f rom 
the United S tates Depar tment of Treasury ' s  Bureau of Al coho l , 
Tob ac co , and Firearms , was app rove d .  
Middaugh f irs t pub l i cly demons trated the d i s t i l l at ion tower 
at the App ropria te Communi ty Techno logy (ACT) ' 7 9 Fair a t  the Wash­
inton , D . C . , Mal l  on Apr i l  2 7 - 30th , 1 9 7 9 . Ope ra t i on of the tower 
repor ted ly drew large crowds including a numbe r  o f  Con gre s smen . 
At this poin t , pub l ic in tere s t  in e thanol produc tion was 
in tense . With the skyro cket ing price o f  gas o line , the near ra t ion ing 
condi t ions of the summe r of 1 9 7 9 , and the relat ively low p rices for 
agricul tural p ro duct s , in clud ing corn ( s ee Figure A- 1 ) ; e thanol 
p roduct ion became a p romi sing dream for the farm commun i ty . 
During this t ime , produc t ion research was bein g  condu c ted at 
the glucose fac i l i ty .  Corn b e came the p rimary feeds tock ; the con­
vers ion of ce l lulo se b e ing a comp lex .is sue requ iring much more t ime 
to mas te r . But , by Sprin g o f  1 9 80 , it  was obvious that the mil d  
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Figure A- 1 :  Re cent Corn and Gasoline Price Trends (Wall S t re e t  
Journal ) 
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s teel tower needed to b e  rep laced wi th s tainle ss s teel . Rus t ing o f  
in terior component s  c learly l ed t o  the al tera t ion o f  design 
� Q) 0.. 
characteri s t i cs and b lo ckage o f  s ome per forat ions in the rec ti fica t ion 
trays . Mo di fica t ions in de s i gn o f  the mi ld s teel tower were made and 
a new , s ta inle s s  s teel uni t  wa s ins talled . The new d i s t ill a t ion tower 
was fabricated and loaned to S DS U  by Arlen Indus tries , Inc . , o f . 
Sheldon , Iowa . Arlon is  a priva te dis t i l la t ion towe r frab i cator 
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owned ,  i n  p ar t , by Denny ' s  b r o ther , Dave Vander Gr i end . As o f  April , 
1 9 82 , Arlon has f ab r i cated a to tal o f  1 4  dis t illation towers ranging 
from 30 . 5  to 88 . 9  cen t ime ters ( 1 2 to 35 inches )  in diame te r .  
Proj e c t  leade r Paul Middaugh res igned his p o s i tion a t  S DSU 
in May of 1 9 80 . He i s  now emp loye d with No rthwe s t  Pac i fi c  Ene rgy 
Company , In c . , o f  Pas co , Washington . The SDSU p roj ect  has s ince b een 
reorgani zed . The p roj e c t  i s  now an in terdep artmen tal e f fo r t  pooling 
the resource s  and e f forts  of the Depar tmen ts of Agri cul tu ral Engineer­
ing ,  Mic rob iology , E conomi c s , Dairy S c ience , and Mechanical Enginee ring . 
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APPENDIX B 
FIGURE S  AND TABLE S 
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Fi gure B - 1 : Time-Temperature Diagram for the Corn-Mash and Com-Beer 
S lurries During the E thano l Produc tion P rocess  
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Tab le B- 1 :  Typi cal S ieve Ana lyses o f  Ground Co rn 
ASTM S i eve No . S ieve S i ze 
(mi crons ) 
4 4 7 60 
6 3 35 0  
1 0  2000 
20 850 
40 420 
60 2 5 0  
80 1 80 
100 1 4 9  
1 4 0  1 0 5  
Pe rcent o f  material tha t  passed 
through all the s ieves= 
Percent , by weigh t , o f  
mate rial retained by s ieve 
2 . 38mm* 
( 3/ 32 inch) 
Screen 
0 . 0  
0 . 0  
0 . 1 
2 7 . 4  
4 2 . 8  
2 0 . 6  
6 � 7  
1 . 2  
0 . 8  
0 . 3  
3 . 1 8mm 
( 1 / 8 inch) 
S creen 
0 . 3 
0 . 0  
1 . 3  
36 . 2  
34 . 3  
1 4 . 5  
9 . 9  
1 . 8 
1 . 4 
0 . 8 
4 . 4 8mm 
( 3 / 1 6  inch) 
S c re en 
0 . 0  
0 . 1 
5 . 0  
3 9 . 6  
2 8 . 1 
1 6 . 0  
8 . 3 
1 . 7 
0 . 6  
0 . 3 
*Employed fo r the Exp e rimentation 
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Figure B-2 : Com-Mash and Co m -Beer Component Changes Dur ing Cooking 
and Fe rmen tation (wes tby and Gibbons , 1 982)  
Tab le B-2 : Pr.oxima te Analyses o f  P ro ces sed Ma t e rials in the P ro duc t ion o f  E thano l From Corn 
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Figures in P e rcen t by We i gh t  
No i s t u re b 1 1 . 5  76 . 5  89 . 6  9 2 . 5 6 7 . 7 9 7 . 3 
C r ude P rote in 8 . 7 9 . 8  2 . 2  9 . 5  2 . 5  24 . 0  1 . 9  26 . 1  1 0 .  1 3 1 . 4  o .  36 1 3 . 0  
C r ude Fib e r  2 . 1 2 . 4  0 . 75 3 . 2  0 . 76 6 . 6  0 . 52 6 . 7 3 . 0  9 .  1 I 0 . 006 0 . 2 1  
E the r E x t rac t ( f a t )  1 . 4 1 . 5  0 . 60 2 . 5 1 . 1  9 . 7  0 . 7 7  10 . 5  0 . 68 2 . 1 0 . 58 2 1 . 2  
Ash 1 . 6  1 . 8  0 . 40 1 . 7  0 . 5 1  4 . 4  0 . 39 5 . 2  0 . 85 2 . 6  0 . 38 1 4 . 0  
N i t ro gen - f ree E x t r ac t  74 . 8  84 . 5  I 19 . 5  83 . 0  6 . 4  55 . 6  3 . 9 5 1 . 5  1 7 . 7  54 . 8  1 .  4 1  5 1 . 5  
To t a l : 100 . 1 100 . 0  1 00 . 0  99 . 9  100 . 9 1 00 . 3 1 00 . 0  1 00 . 0  1 00 . 0  100 . 0  100 . 0  100 . 0  
S us pended Sol ids 1 2 . 9  1 . 8  1 . 4 1 . 6  
--
a Ave rage o f th ree ba tche s  f rom three mon ths during the sunune r o f  1 980 . Ana lyses p e r forme d by S ta t i on 
B io chem i s t ry , SDSU , B rookings , SD 5 700 7 . 
b 
All f i gures are pe rcen t by wei gh t  o f  samp le s  taken f rom b a t ches s tarted wi th f resh wate r .  Moi s t ure 
inc lude s all vo lat i l e s , inc luding e thano l . 
0"1 Vl 
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TABLE B-3 : Twenty-Two Sys tem Variables Employed for Correlation Studies of Dis tillation Interrela tionships 
VARIABLE 
( 1 )  Atl!lospheric 
Pressure 
( 2 )  Corn-Beer E thanol 
Concentra t ion 
( 3) S tillage Res idual 
Ethanol Concentration 
( 4 )  Energy Flow 
Rate 
( 5 ) Product Flow 
Rate 
( 6 )  Product Ethanol 
Concentration 
( 7 )  Product Anhydrous Ethanol 
Equivalent Flow Rate 
( 8 )  Energy Per 
Li ter Ethanol 
( 9 )  Center Rec tifier 
Temperature 
( 1 0)  Tqp Rec tifier 
Temperature 
( 1 1 ) S ti l lage Flow 
Rate 
( 1 2 )  Corn-Beer 
Flow Rate 
( 1 3 )  Corn-Beer 
Inlet Temperature 
( 14 )  Corn-Beer 
Ou tle t Temperature 
( 1 5 ) Reflux Flow 
Rate 
( 1 6 ) Reflux 
Temperature 
( 1 7 ) S tillage 
Temperature 
( 1 8)  Water Flow 
Rate 
( 1 9 )  Water Inle t 
Tempera ture 
( 2 0 )  Water Outle t 
Temperature 
( 2 1 )  Center S tripper 
Temperature 
( 2 2 )  Apparent Ethanol 
Loss 
UNITS 
inches o f  
mercury 
percent by 
volume 
percent by 
volume 
me gaj oules 
per hour 
li ters per 
hour 
percent by 
volume 
li ters per 
hour 
megaj oules 
per l i ter 
degrees 
centigrade 
degrees 
centigrade 
l iters per 
hour 
li ters per 
hour 
degrees 
centigrade 
degrees 
centigrade 
l i ters per 
hour 
degrees 
centigrade 
degrees 
centigrade 
l iters per 
hour 
degrees 
centigrade 
degrees 
centigrade 
degrees 
centigrade 
percent of 
total 
DESCRIPTION 
On-S ight 
Pressure 
E thanol Portion of Corn-Water-E thanol 
Mixture Before Distillation (Appendix G) 
Ethanol Portion o f  Corn-Water-E thanol 
Mixture Af ter Dis tillat ion (Appendix G) 
Determined by S team Measurement Device (Appendix F )  
Upon Inle t t o  S tripper 
Measured by Bucket 
and S top Watch 
Measured by 
Hydrome ter (Appendix D) 
De termined by 
(5) X ( 0 . 0 1 )  X ( 6 )  
Determined by 
( 4 )  I ( 7 ) 
Measured on Eleventh Tray 
from Bottom (Appendix E )  
Measured on 
Top Tray (Appendix E )  
Measured by Bucke t 
and S top Watch 
Measured by Bucke t 
and S top Wa tch 
Measured at Inlet to 
Rec tifier Prehea ter (Appendix E) 
Measured at Outlet from 
Recti fier Preheater (Appendix E )  
Measured b y  Bucke t 
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Measured at Inlet to 
Top of Rec tifier (Appendix E )  
Measured a t  Outlet 
of S tr ipper (Appendix E) 
Measured by Bucket 
and S top Watch 
Measured at Condenser 
Inlet (Appendix E) 
Measured at Condenser 
Outtet (Appendix E )  
Measured o n  Seventh 
Tray from Bo t tom (Appendix E )  
Determined by 
( 1 2 )  X ( 0 . 0 1 )  X (2) - ( 7 ) 
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11  
0 . 48 -0 . 10  -0 . 75 0 . 46 0 . 2 3 0 . 55 0 . 37  0 . 29 -0 . 49 0 . 1 0  1 . 00 0 . 1 5  -o . 07 0 . 1 1  0 . 20 -0 . 7 7 0 . 1 3  0 . 1 9  -0 . 30 -0 . 26 0 . 55 -0. 33 
0 . 1 1 5 0 . 762 0 . 005 0 . 1 36 0 . 474  0 . 06 1  0 . 2 34 0 . 368 0 . 104 0 . 766 0 . 000 0 . 648  0 . 829  0 . 7 3 1  0 . 5 3 7  0 . 00 3  0 . 6 7 7  0 . 55 1  0 . 34 1  0 . 42 1  0 . 68 1  0 . 302 
12 . 
-0. 04 -0 . 39 0 . 1 8  0 . 37 -0 . 10 0 . 04 -0 . 0 7 0 . 39 0 . 29 0 . 2 1  0 . 1 5  1 . 00 -0 . 6 1  0 . 08 -0 . 31 -0 . 03 0 . 5 5 -0 . 1 1  -0 . 4 3 0 . 0 7  0 . 1 3  0 . 1 4  
0 . 908 0 . 2 10 0 . 565 0 . 39 3  0 . 755 0 . 907 0 . 824  0 . 2 1 6  0 . 36 3  0 . 1 89 0 . 648  0 . 000 0 . 034 0 . 794 0 . 32 6  0 . 9 2 4  0 . 06 1  0 . 724  0 . 1 6 7  0 . 82 5  0 . 68 1  0 . 660 
13 
-0 . 22 0 . 1 7  -0 . 09 -0 . 20 -0 . 1 5 0 . 33 -0 . 04 -0 . 22 -0 . 40 -0 . 59 -0 . 07 -0 . 6 1  1 . 00 0 . 1 5  0 . 1 9  0 . 28 -0 . 03 0 . 46 0 . 6 3  -0 . 3 1 -0 . 37 -0. 08 
0 . 486 0 . 606 0 . 7 70 0 . 52 8  0 . 6 3 1  0 . 292 0 . 894 0 . 492 0 . 20 1  0 . 04 3  0 . 829  0 . 034 0 . 000 0 . 653 0 . 56 1  0 . 3 8 1  0 . 9 14 0 . 1 36 0 . 02 8  0 . 320 0 . 8 1 9  0 . 8 1 0  
1 4  
0 . 28 0 . 34 0 . 0 1  0 . 1 2  -0 . 2 8 -0 . 1 1  -0 . 2 7  0 . 34 0 . 39 0 . 25 0 . 1 1  0 . 08 0 . 1 5  1 . 00 0 . 3 1  0 . 1 9  0 . 39 0 . 2 7  -0 . 15 -0 . 08 0 . 03 0 . 55 
0 . 375 0 . 280 0 . 989 0 . 706 0 . 373 0 . 745 0 . 390 0 . 2 8 3  0 . 2 1 3  0 . 42 5  0 . 7 3 1  0 . 794 0 . 653  �. 000 0 . 320 0 . 556 0 . 2 1 5 0 . 400 0 . 640 0 . 796 0 . 9 36 0 . 06 3  
1 5  
0 . 07 0 . 59 -0 . 45 0 . 52 0 . 23 0 . 2 3  0 . 2 7  0 . 44 -0 . 0 1 -0 . 14 0 . 20 -0 . 3 1 0 . 1 9  
0 . 836 0 . 04 3  0 . 1 38 0 . 084 0 . 4 7 2  0 . 469 0 . 404 0 . 152  0 . 981  0 . 66 7  0 . 5 3 7  0 . 326 0 . 56 1  
1 6  
-0 . 5 3 0 . 1 1  0 . 79 -0 . 48 -0 . 30 -0 . 40 -0 . 38 -0 . 3 1 0 . 39 -0 . 1 8  -0 . 7 7  -0 . 03 0 . 2 8  
0 . 0 76 0 . 724 0 . 002 0 . 1 1 7  0 . 34 7 0 . 204 0 . 22 3  0 . 326 0 . 2 1 6 0 . 585 0 . 00 3  0 . 924  0 . 38 1  
1 7  
0 . 10 -0 . 45 0 . 2 3  0 . 35 0 . 0 1  0 . 20 0 . 0 7 0 . 3 7  0 . 38 0 . 25 0 . 1 3  0 . 55 -0 . 03 
0 . 746 0 . 1 38 0 . 4 7 5  0 . 26 7  0 . 992  0 . 525 0 . 832 0 . 239 0 . 226 0 . 440 0 . 67 7  0 . 06 1  0 . 9 14 
1 8  
-0 . 2 1  0 . 30 -0 . 1 7 0 . 2 3  0 . 0 1  0 . 08 0 . 03 0 . 26 0 . 0 1  -0 . 2 5  0 . 1 9  -0 . 1 1  0 . 46 
0 . 505 0 . 348 0 . 596 0 . 467  0 . 993 0 . 8 1 1  0 . 9 19 0 . 4 10 0 . 976 0 . 42 8  0 . 55 1  0 . 724 0 . 1 36 
19 
-0 . 46 0 . 04 0 . 0 1  -0 . 49 -0 . 25 0 . 03 -0 . 2 3 -0 . 4 3  -0 . 4 7 -0 . 32 -0 . 30 -0 . 4 3 0 . 6 3  
0 . 1 3 1  0 . 898 0 . 999 0 . 106 0 . 42 7  0 . 922  0 . 48 1  0 . 1 6 1  0 . 1 2 5  0 . 3 1 1 0 . 34 1  0 . 1 6 7  0 . 02 8  
2 0  
0 . 2 1  -0 . 07 0 . 20 -0 . 08 0 . 04 0 . 1 2  0 . 06 -0. 15  0 . 07 0 . 04 -0 . 26 0 . 07 -0 . 3 1 
·
0 . 5 10 0 . 8 1 8  0 . 540 0 . 796 0 . 907  0 . 7 1 6  0 . 859 0 . 644 0 . 83 1  0 . 89 1  0 . 42 1  0 . 825 0 . 320 
21 
0 . 1 1  0 . 28 -0 . 57 0 . 4 8 0 . 2 7  0 . 59 0 . 4 1  0 . 7 3  - . 0 1 8  -0 . 19 0 . 55 0 . 1 3  -0 . 07 
0 . 74 3  0 . 385 0 . 052 0 . 00 1  0 . 390 0 . 045 0 . 183  0 . 00 7  0 . 568 0 . 56 1  0 . 062 0 . 68 1  0 . 8 19 
22 
-0. 19  0 . 5 1  0 . 19  -0 . 1 3 -0 . 5 7 -0 . 38 -0 . 62 0 . 2 8  0 . 32 0 . 09 -0 . 33 0 . 1 4 -0 . 08 
0 . 557  0 . 090 0 . 546 0 . 680 0 . 05 1  0 . 222  0 . 033 0 . 376 0 . 3 1 1  0 . 788 0 . 302 0 . 660 0 . 80 1  
0 . 3 1  1 . 00 -0. 40 -0 . 2 3 0 . 4 1  0 . 04 -0 . 1 7  0 . 7 1  0 . 1 7  
0 . 320 0 . 000 0 . 199 0 . 4 70 0 . 190  0 . 89 7  0 . 587 0 . 009 0 . 603 
0 . 1 9  -0. 40 1 . 00 0 . 16  -0 . 1 3 0 . 46 0 . 15  -0 . 70 0 . 40 
0 . 556 0 . 1 9 9  0 . 000 0 . 6 1 8 0 . 69 1  0 . 1 36 0 . 6 33 0 . 0 1 2  0 . 202 
0 . 39 -0 . 2 3  0 . 1 6  1 . 00 -0 . 05 -0. 2 7  0 . 1 0 -0 . 0 1  -0 . 2 1  
0 . 2 1 5  0 . 4 70 0 . 6 1 8 0 . 000 0 . 878  0 . 394 0 . 754 0 . 9 7 1  0 . 50 3  
0 . 2 7  0 . 4 1  - 0 . 1 3  -0 . 05 1 . 00 -0. 03 -0 . 90 0 . 3 7  0 . 1 8  
0 . 400 0 . 1 90 0 . 69 1  0 . 878 0 . 000 0 . 9 36 0 . 00 1  0 . 2 38 0 . 5 70 
-0 . 1 5  0 . 04 0 . 46 -0 . 2 7  -0 . 03 1 . 00 -0 . 03 - 0 . 3 1  0 . 03 
0 . 640 0 . 89 7  0 . 1 36 0 . 394 0 . 936 0 . 000 0 . 9 3 3  0 . 3 3 3  0 . 9 14 
-0. 08 -0 . 1 7  0 . 1 5  0 . 10  -0 . 90 -0 . 28 1 . 00 -0 . 20 -0 . 08 
0 . 796 0 . 5 8 7  0 . 6 3 3  0 . 754 0 . 00 1  0 . 9 33 0 . 000 0 . 52 3  0 . 8 1 6  
0 . 0 3  0 . 7 1  -0 . 70 -0 . 0 1 0 . 37 - 0 . 3 1  -0 . 20 1 . 00 
0 . 9 36 0 . 009 0 . 0 12 0 . 9 7 1  0 . 2 38 0 . 3 3 3  0 . 52 3  0 . 000 
0 . 55 0 . 1 7  0 . 40 -0 . 2 1  0 . 1 8  0 . 03 -0 . 08 1 . 00 
0 . 06 3  0 . 603  0 . 202 0 . 503 0 . 570  0 . 9 14 0 . 8 1 6  0 . 000 
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4 5 6 8 9 10  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  2 1  22  
1 . 00 -0 . 26 0 . 39 -0 . 35 -0 . 26 0 . 6 7 -0 . 26 0 . 20 -0 . 6 1  0 . 72 0 . 34 -0 . 4 3 0 . 34 0 . 62 
0 . 000 0 . 405 0 . 2 1 5 0 . 263 0 . 4 1 4 0 . 0 1 8  0 . 4 1 9 0 . 5 30 0 . 034 0 . 009 0 . 280 0 . 1 6 3  0 . 2 74 0 . 03 1  
0 . 00 0 . 00 -0 . 1 5 -0 . 78 -0 . 1 6 0 . 05  0 . 00 -0 . 45 
1 . 000 1 . 000 0 . 65 2  0 . 1 1 8 0 . 62 1  0 . 886 1 . 000 0 . 1 39 
2 -0 . 26 1 . 00 -0 . 4 1  0 . 98 0 . 99 -0 . 70 0 . 99 -0 . 9 7 0 . 33 0 . 14 -0 . 1 2 0 . 22 -0 . 92 -0 . 60 o . oo 0 . 00 0 . 49 0 . 1 2  0 . 3 1 0 . 70 
0 . 405 0 . 000 0 . 1 89 0 . 00 1  0 . 00 1  0 . 0 1 1 0 . 00 1  0 . 00 1  0 . 290 0 . 65 7  0 . 7 1 5  0 . 490 0 . 00 1  0 . 04 1  1 . 000 1 . 000 0 . 105  0 . 7 1 0  0 . 3 30 0 . 01 1 
0 . 00 0 . 6 3 
1 . 000 0 . 029  
0 . 39 -0. 4 1  1 . 00 -0 . 46 -0 . 4 1  0 . 48 -0 . 40 0 . 42 -0 . 7 3 0 . 1 8 0 . 1 5  -0 . 1 4 0 . 46 0 . 80 0 . 00 0 . 00 -0 . 52 0 . 28 -0 . 5 1  -0 . 40 
0 . 2 1 4  0 . 1 89 0 . 000 0 . 1 3 1  0 . 1 89 0 . 1 10 0 . 20 1  0 . 1 76 0 . 008 0 . 580 0 . 6 32 0 . 665 0 . 1 36 0 . 8 16 1 . 000 1 . 000 0 . 08 2  0 . 373 0 . 09 1 0 . 109 
0 . 00 -0 . 35 
1 . 000 0 . 259 
4 -0 . 35 0 . 98 -0 . 46 1 . 00 0 . 99 -0 . 7 3 0 . 99 -0 . 98 0 . 42 0 . 03 -0 . 04 0 . 37 -0 . 9 1  -0 . 62 0 . 00 0 . 00 0 . 60 0 . 05 0 . 4 3  0 . 76 0 . 00 0 . 54 
0 . 263 0 . 00 1  0 . 1 3 1  0 . 000 0 . 00 1  0 . 00 7  0 . 00 1  0 . 00 1  0 . 1 72 0 . 920 0 . 89 7  0 . 24 1  0 . 00 1  0 . 03 1  1 . 000 1 . 000 0 . 039 0 . 874  0 . 165  0 . 004 1 . 000 0 . 0 7 2  
5 -0 . 26 0 . 99 -0 . 4 1  0 . 99 1 . 00 -0 . 70 0 . 99 -0 . 99 0 . 36 0 . 1 4 -0 . 06 0 . 29 -0 . 9 0  -0 . 58 0 . 00 0 . 00 0 . 58 0 . 05 0 . 39 0 . 76 0 . 00 0 . 5 3 
0 . 4 1 4  0 . 00 1  0 . 1 89 0 . 00 1  0 . 000 0 . 0 1 1  0 . 00 1  0 . 00 1  0 . 248 0 . 6 72 0 . 85 3  0 . 35 7 0 . 00 1  0 . 04 7  1 . 000 1 . 000 0 . 050 0 . 86 7  0 . 2 1 3  0 . 004 1 . 000 0 . 07 7  
6 0 . 6 7  -0 . 70 0 . 48 -0 . 7 3 -0 . 70 1 . 00 -0 . 69 0 . 65 -0 . 82 0 . 04 0 . 49 -0 . 20 0 . 60 0 . 56 0 . 00 0 . 00 -0 . 46 -0 . 36 -0 . 34 -0 . 40 0 . 00 -0 . 55 
0 . 0 18 0 . 0 1 1  0 . 1 10 0 . 007 0 . 0 1 1 0 . 000 0 . 0 1 3  0 . 02 3  0 . 00 1  0 . 89 3  0 . 103  0 . 52 3  0 . 078  0 . 06 1 1 . 000 1 . 000 0 . 1 32 0 . 2 55 0 . 28 1  0 . 203  1 . 000 0 . 066 
-0 . 26 0 . 99 -0 . 40 0 . 99 0 . 99 -0 . 69 1 . 00 -0 . 99 0 . 35 0 . 1 4  -0 . 06 0 . 30 -0 . 89 -0 . 58 0 . 00 0 . 00 0 . 5 7 0 . 05 0 . 38 0 . 76 0 . 00 0 . 5 3 
0 . 4 1 9 0 . 00 1  0 . 20 1  0 . 001  0 . 00 1  0 . 0 1 3  0 . 000 0 . 00 1  0 . 266 0 . 660 0 . 858 0 . 346 0 . 00 1  0 . 049  1 . 000 1 . 000 0 . 05 1  0 . 866 0 . 2 1 7  0 . 004 1 . 000 0 . 076 
8 0 . 20 -0 . 9 7  0 . 4 2  -0 . 98 -0 . 99 0 . 65 -0 . 99 1 . 00 -0 . 34 -0 . 1 4 -0 . 0 1  -0 . 32 0 . 88 0 . 53 0 . 00 0 . 00 -0 . 62 0 . 06 -0 . 44 -0 . 83 0 . 00 -0 . 49 
0 . 530 0 . 00 1  0 . 1 6 7  0 . 00 1  0 . 00 1  0 . 02 3  0 . 00 1  0 . 000 0 . 280 0 . 65 8  0 . 99 7  0 . 3 1 7  0 . 00 1  0 . 079 1 . 000 1 . 000 0 . 030 0 . 854 0 . 1 5 1  0 . 00 1  1 . 000 0 . 1 09 
9 -0 . 6 1  0 . 3 3 -0 . 7 3 0 . 42 0 . 36 -0 . 82 0 . 35 -0. 34 1 . 00 -0 . 1 4 -0 . 39 0 . 20 -0 . 28 -0 . 20 0 . 00 o . oo 0 . 58 0 . 02 0 . 54 0 . 35 0 . 00 0 . 22 
0 . 034 0 . 290 0 . 008 0 . 1 72 0 . 248 0 . 00 1  0 . 266 0 . 280 0 . 000 0 . 6 75 0 . 2 1 4 0 . 540 0 . 382 0 . 5 1 2  1 . 000 1 . 000 0 . 048  0 . 9 5 7  0 . 070 0 . 26 2  1 . 000 0 . 499  
10 0 . 72 0 . 1 4  0 . 1 8  0 . 0 3 0 . 14 0 . 04 0 . 1 4  -0 . 1 4 -0 . 14 1 . 00 -0 . 04 -0 . 46 0 . 1 1  0 . 5 1  0 . 00 0 . 00 0 . 1 3  -0 . 26 0 . 07 0 . 27 0 . 00 -0 . 1 6 
0 . 009 0 . 65 7  0 . 580 0 . 920 0 . 672  0 . 89 3  0 . 660 0 . 65 8  0 . 675  0 . 000 0 . 90 1  0 . 1 3 1  0 . 7 2 5  0 . 089 1 . 000 1 . 000 0 . 684 0 . 40 7  0 . 8 39 0 . 396 1 . 000 0 . 62 7  
1 1  0 . 34 -0 . 1 2 0 . 15  -0 . 04 -0 . 06 0 . 49 -0 . 06 -0 . 0 1  -0 . 39 -0 . 04 1 . 00 0 . 48 0 . 1 5  0 . 1 7  0 . 00 0 . 00 0 . 26 -0 . 62 0 . 40 0 . 33 0 . 00 -0 . 33 
0 . 2J9 0 . 7 1 5  0 . 632 0 . 89 7  0 . 85 3  0 . 103 0 . 858 0 . 99 7  0 . 2 1 4 0 . 90 1  0 . 000 0 . 0 1 5  0 . 642  0 . 592 1 . 000 1 . 000 0 . 409 0 . 03 1  0 . 1 9 5  0 . 299  1 . 000 0 . 300 
12 -0 . 4 3 0 . 2 2 -0 . 1 4 0 . 37 0 . 29 . -0 . 20 0 . 30 -0 . 32 
0 . 1 6 3  0 . 490 0 . 665 0 . 24 1  0 . 35 7  0 . 52 3  0 . 346 0 . 3 1 7  
1 3  0 . 34 -0 . 92 0 . 46 -0 . 9 1  -0 . 90 0 . 60 -0 . 89 0 . 88 
0 . 2 74 0 . 001  0 . 1 36 0 . 00 1  0 . 00 1  0 . 038 0 . 00 1  0 . 00 1  
1 4  0 . 62 -0 . 60 0 . 08 -0 . 62 -0 . 58 0 . 56 -0 . 58 0 . 5 3 
0 . 03 1  0 . 04 1  0 . 8 1 6  0 . 031  0 . 04 7  0 . 06 1  0 . 049 0 . 079 
1 5  0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 
1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 
0 . 20 -0 . 46 0 . 48 1 . 00 -0 . 14 -0 . 36 0 . 00 0 . 00 0 . 5 1 -0 . 24 0 . 5 3 0 . 45 0 . 00 0 . 05 
0 . 540 0 . 1 3 1  0 . 1 1 5 0 . 000 0 . 656 0 . 25 3  1 . 000 1 . 000 0 . 09 1  0 . 448  0 . 074 0 . 145  1 . 000 0 . 868 
-0 . 28 0 . 1 1  0 . 1 5  -0 . 1 4 1 . 00 0 . 70 0 . 00 0 . 00 -0 . 29 -0 . 24 -0 . 10 -0 . 52 0 . 00 -0 . 64 
0 . 382 0 . 72 5  0 . 642  0 . 656 0 . 000 0 . 0 1 1 1 . 000 1 . 000 0 . 36 1  0 . 448 0 . 749 0 . 082  1 . 000 0 . 02 5  
-0 . 20 0 . 5 1  0 . 1 7  -0 . 36 0 . 70 1 . 00 0 . 00 0 . 00 -0 . 06 -0 . 59 0 . 10 -0 . 1 1 0 . 00 -0 . 5 7 
0 . 5 2 3  0 . 089 0 . 592 0 . 25 3  0 . 0 1 1  0 . 000 1 . 000 1 . 000 0 . 862 0 . 04 2  0 . 748 0 . 745 1 . 000 0 . 05 3  
0 . 00 
1 . 000 
0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 o . oo 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 o . oo 0 . 00 
1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 
16  0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 
1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 
17 -0 . 1 5 0 . 49 -0 . 52 0 . 60 0 . 58 -0 . 46 0 . 5 7 -0 . 62 0 . 58 0 . 1 3  0 . 26 0 . 5 1  -0 . 29 -0 . 06 o . oo 0 . 00 1 . 00 -0 . 58 0 . 94 0 . 89 0 . 00 -0 . 10 
0 . 652 0 . 105 0 . 082 0 . 039 0 . 050 0 . 1 32 0 . 05 1 0 . 0 30 0 . 048 0 . 684 0 . 409 0 . 09 1  0 . 36 1  0 . 862 1 . 000 1 . 000 0 . 000 0 . 048 0 . 00 1  0 . 00 1  1 . 000 0 . 764 
1 8  -0 . 48 0 . 1 2  0 . 28 0 . 05 0 . 05 -0 . 36 0 . 05 0 . 06 0 . 02 -0 . 26 -0 . 62 
-0 . 24 -0 . 24 -0 . 59 0 . 00 o . oo -0 . 58 1 . 00 -0 . 68 -0 . 59 o . oo 0 . 44 
0 . 1 18 0 . 7 1 0  0 . 373 0 . 874 0 . 86 7  0 . 255  0 . 866 0 . 854 0 . 9 5 7  0 . 407 0 . 031  0 . 448  0 . 448 0 . 04 2  1 . 000 1 . 000 0 . 048  0 . 000 0 . 0 1 5  0 . 044  1 . 000 0 . 1 5 3  
19 -0 . 16 0 . 3 1  -0 . 5 1  0 . 4 3  0 . 39 -0 . 34 0 . 38 -0 . 44 0 . 54 0 . 77 0 . 40 
0 . 5 3  -0 . 1 0 0 . 1 0  0 . 00 0 . 00 0 . 94 -0 . 68 1 . 00 0 . 79 0 . 00 -0 . 1 4 
0 . 62 1  0 . 330 0 . 09 1  0 . 165 0 . 2 1 3  0 . 28 1  0 . 2 1 7  0 . 1 5 1  0 . 070 0 . 839 0 . 1 9 5  0 . 074 0 . 749 0 . 748 1 . 000 1 . 000 0 . 00 1  0 . 0 1 5  0 . 000 0 . 00 2  1 . 000 0 . 668 
20 0 . 05 0 . 70 -0 . 49 0 . 76 0 . 76 -0 . 40 0 . 76 -0 . 8 3  0 . 35 0 . 2 7 0 . 3 3 0 . 45 
-0 . 52 -0 . 1 1  0 . 00 0 . 00 0 . 89 - 0 . 59 0 . 79 1 . 00 0 . 00 0 . 1 3  
0 . 886 0 . 0 1 1  0 . 109 0 . 004 0 . 004 0 . 203  0 . 004 0 . 00 1  0 . 262 0 . 396 0 . 299 0 . 145  0 . 082  0 . 745 1 . 000 1 . 000 0 . 00 1  0 . 044 0 . 002 0 . 000 1 . 000 0 . 69 2  
2 1  0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 . 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 0 . 00 o . oo 0 . 00 0 . 00 0 . 00 
1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 
22 -0 . 45 0 . 63 - 0 . 35 0 . 54 0 . 5 3 -0 . 55 0 . 5 3 -0 . 49 0 . 22 -0 . 1 6 -0 . 33 0 . 05 -0 . 64 -0 . 5 7  0 . 00 0 . 00 -0 . 1 0 0 . 44 -0. 1 4  0 . 1 3  0 . 00 1 . 00 
0 . 1 39 0 . 029 0 . 259 0 . 07 2  0 . 07 7  0 . 066 0 . 0 76 0 . 1 09 0 . 499 0 . 62 7  0 . 300 0 . 868 0 . 025 0 . 05 3  1 . 000 1 . 000 0 . 764 0 . 1 5 3  0 . 668 0 . 692  1 . 000 0 . 000 
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Tab le B - 7 :  Corre lat ions Among Components o f  To tal S team Ene rgy 
Par t i t ioning for Experimen ts One and Two 
Experiment 1 
A B c D 
A 
1 . 0 0 -0 . 34 0 . 4 8 -0 . 2 9 
0 . 000 0 . 2 7 8  0 . 1 1 7  0 . 364  
B 
-0 . 3 4 1 . 00 -0 . 89 0 . 36 
0 . 2 7 8 0 . 000 0 . 00 1  0 . 2 55 
c 0 . 4 8 -0 . 89 1 .  00 -0 . 6 2 
0 . 1 1 7 0 . 00 1  0 . 000 0 . 0 30 
D 
-0 . 29 0 . 3 6  -0 . 6 2 1 . 00 
0 . 364  0 . 2 5 5  0 . 0 30 0 . 000 
Experiment 2 
A B c D 
A 
1 . 00 0 . 90 -0 . 7 3 0 . 76 
0 . 000 0 . 00 1  0 . 00 7  0 . 00 4  
0 . 90 1 . 00 -0 . 79 0 . 9 6 
B 
0 . 00 1  0 . 000 0 . 00 2  0 . 00 1  
-0 . 7 3 -0 . 7 9 1 .  00  -0 . 7 8 
c 
0 . 0 0 7  0 . 002  0 . 000 0 . 00 3  
0 . 7 6 0 . 9 6 -0 . ] 8 1 . 00 
D 
0 . 004 0 . 00 1  0 . 00 3  0 . 000 
A :  Corn-Beer Heating 
B :  Re flux Generat ion 
C :  Product  Condensat ion 
D :  Sys tem The rmal Los ses 
7 1  
Tab le B- 8 :  Corre l a t ions B e tween 22 Sys tem Variab les a n d  the Components of T o t a l  S t eam 
Energy P ar t i t ioning for Experimen ts One and Two 
Exp e r iment One Exp e r iment Two 
Comp onent : Componen t : 
A B c D A B c D 
Variab l e : 
0 . 0 3 0 . 1 1  -0 . 09 -o . o5 
1 
0 .  14 0 . 2 1  -0 . 5 3 0 . 2 5 
0 . 9 32 o .  72 3 0 . 7 80 0 . 866 0 . 66 3  0 . 509 0 . 0 7 6  0 . 4 3 3  
2 
-0 . 65 0 . 5 4 -0 . 46 0 . 1 5 
2 
-0 . 9 4 -0 . 9 7  0 . 80 -0 . 9 0 
0 . 0 2 2  0 . 06 7  0 . 1 3 7  0 . 6 1 6 0 . 00 1  0 . 00 1  0 . 0 0 2  0 . 00 1  
3 
0 . 2 7  -0 . 44 0 . 5 4 -0 . 5 3 
3 
0 . 2 4 0 . 42 -0 . 2 8 0 . 4 7 
0 . 388 0 . 1 5 7  0 . 06 7  0 . 0 7 9  0 . 45 3  0 . 1 6 9  0 . 3 7 6  0 . 12 6 
4 
0 . 1 5  0 . 50 -0 . 4 3 0 . 55 
4 
-0 . 8 8 -0 . 9 8 0 . 83 -0 . 9 5 
0 . 6 5 0  0 . 09 7  0 . 1 6 5  0 . 065 0 . 00 1  0 . 00 1  0 . 00 1  0 . 00 1  
5 
-0 . 2 8 0 . 1 0  -0 . 2 5 0 . 26 
5 
-0 . 9 1  -0 . 99 0 . 8 1 -0 . 94 
0 . 385 0 . 7 5 7  0 . 4 2 6  0 . 42 1  0 . 00 1  0 . 00 1  0 . 002 0 . 00 1  
6 
0 . 04 0 . 1 1  -0 . 1 3 0 . 2 3 
6 
0 . 60 0 . 6 7  ·-0 . 82 0 . 62 
0 . 905 0 . 7 30 0 . 6 9 8  0 . 4 74 0 . 039 0 . 0 1 7  0 . 00 1  0 . 032 
7 
-0 . 2 3 0 . 1 2 0 . 2 5 0 . 29 
7 
-0 . 9 1  -0 . 99 0 . 80 -0 . 9 4 
0 . 4 7 9  o .  7 1 8  0 . 4 2 6  0 . 3 5 7  0 . 00 1  0 . 00 1  0 . 00 2  0 . 00 1  
8 
0 . 34 0 . 5 3 -0 . 34 0 . 46 
8 
0 . 90 0 . 99 -0 . 7 9 0 . 9 7  
0 . 2 8 1  0 . 0 7 9  0 . 2 8 9  o .  1 35 0 . 00 1  0 . 00 1  0 . 00 2  0 . 00 1  
9 
0 . 34 0 . 09 0 . 1 4 -0 . 2 8 
9 
-0 . 1 6 -0 . 3 7  0 . 52 -0 . 40 
0 . 2 7 5  0 . 7 7 8 0 . 6 70 0 . 386 0 . 6 1 0 0 . 2 4 0  0 . 086 0 . 1 9 2  
10 
0 . 38 0 . 04 -0 . 02 -0 . 09 
10 
-0 . 20 -0 . 1 5 -0 . 12· -0 . 06 
0 . 2 1 8 0 . 900 0 . 94 1  0 .  7 7 3  0 . 5 3 3  0 . 6 3 2  0 . 7 0 1  0 . 86 3  
1 1  
0 . 0 1  0 . 1 8  -0 . 2 7  0 . 4 3 
1 1  
0 . 2 3 0 . 02 -0 . 1 8 -0 . 1 4 
0 . 9 9 9  0 . 5 84 0 . 389 0 . 1 6 0  0 . 4 7 2  0 . 9 4 3  0 . 5 8 2  0 . 6 6 5  
1 2  
0 . 6 9 -0 . 1 6 0 . 34 -0 . 2 1  
12 
-0 . 0 3 -0 . 30 0 . 4 1  -0 . 49 
0 . 0 1 3  0 . 6 19 0 . 2 8 3  0 . 52 3  0 . 9 36 0 . 350 0 . 1 8 7  0 . 1 0 3  
1 3  
-0 . 1 5 0 . 0 3 -0 . 06 -0 . 10 
1 3  
0 . 92 0 . 88 -0 . 7 3 0 . 7 8 
0 . 644 0 . 9 3 3  0 . 84 5  0 . 7 6 8  0 . 00 1  0 . 00 1  0 . 00 7  0 . 00 3  
1 4  
0 . 25 0 . 40 -0 . 1 5 -0 . 26 
14 
0 . 5 7 0 . 52 -0 . 7 6 0 . 49 
0 . 4 3 3  0 . 200 0 . 6 5 3  0 . 408 0 . 05 1  0 . 0 80 0 . 00 4  0 . 104 
1 5  
-0 . 4 3 0 . 9 7 -0 . 9 1  0 . 40 
15 
0 . 00 0 . 00 0 . 00 o . oo 
0 . 1 6 4  0 . 00 1  0 . 00 1  0 . 1 9 8  1 . 000 1 . 000 1 . 00 0  1 . 000 
16 
0 . 2 3  -0 . 39 0 . 46 -0 . 4 7 
16 
0 . 00 0 . 00 0 . 00 0 . 00 
0 . 464 0 . 206 0 . 1 3 6  0 . 1 2 4  1 . 000 1 . 000 1 . 000 1 . 000 
1 7  
0 . 92 -0 . 2 0 0 . 32 -0 . 2 2 
1 7  
-0 . 2 3 -0 . 6 3 0 . 4 6 -0 . 75 
0 . 00 1  0 . 5 3 8  0 . 3 1 0  0 . 49 1  0 . 465 0 . 02 7  0 . 1 3 7  0 . 00 3  
1 8  
-0 . 1 3 0 . 36 -0 . 2 1  0 . 14 
18 
-0 . 2 7 0 . 05 0 . 3 1  0 . 2 1  
0 . 686 0 . 2 5 3  0 . 5 1 1  0 . 9 6 4  0 . 40 3  0 . 880 0 . 332 0 . 5 1 5  
-o . 2 1  -0 . 04 -0 . 1 7 0 . 05 
19 
- 0 . 02 -0 . 45 0 . 2 8 -0 . 6 2 
1 9  
0 . 505 0 . 89 5  0 . 588 0 . 884 0 . 944 0 . 142 0 . 3 7 8  0 . 032 
0 . 1 0  -0 . 1 5 0 .  14 -0 . 1 6 
20 
-0 . 5 3  -0 . 82 0 . 52 -0 . 90 
20 
o .  7 5 8  0 . 6 5 2  0 . 66 9  0 . 620 0 . 0 7 5  0 . 00 1  0 . 084 0 . 00 1  
0 . 00 0 . 00 0 . 00 0 . 00 2 1  
0 . 00 0 . 00 0 . 00 0 . 00 
2 1  
1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 1 . 000 
1 . 000 
2 2  
-0 . 09 0 . 3 1  -0 . 05 -0 . 1 8  2 2  
-0 . 6 3 -0 . 4 8 0 . 6 1  -0 . 39 
0 . 7 7 7  0 . 3 2 6  0 . 886 0 . 5 7 3  0 . 029 0 . 1 1 2 0 . 0 3 6  
0 . 20 9  
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SDSU ALCOLOL FUEL DATA SHEET , page two . 
raw data 
BATCH # : -
TIME : 
SYSTEM TEMPERATURES · 
2 
5 
16 
7 
'37 
�� 
1 0  
1 1  
1 2 
13 
1 4  
1 6 
34 
--+-16 
�-2 1  
22  
I 21 I 
24 
25 
26 
28 
30 
SK3 
3 1  
32 
SK2 
29 
27 
SK1 
HE EX BOT-OUT- -
HE .EJCT6P--OUT 
HE EX BOT IN 
HE EX TOP IN 
BEER IN REC T  
BEER OUT REC T 
BEER IN S TRIP 
CENTER S TRIP 
TOP S TRIP 
STILLAGE 
REFLUX 
COOL H..,O IN 
HO T H..,C OUT 
S TEAW HEATER 
S TEAM 
PRODUCT 
REC T  lf.1 
RECT #2 
REC T #3 
REC T  #4 
REC T  J/3 
REC T CEN_TER 
RECT TOP 
#1 . S TEAM OUT 
# 1 , S TEAM IN 
� 1 • TO P  
�2. S TEAM OUT 
2 .  S TEAM IN 
� 1 • BO TTOM 
#2, TOP 
#2. BO-TTOM 
RED .l!'..t!.i�'.L:.I!.i..ti 
DATE : 
I 
I 
I 
i 
I 
I 
i 
in penci l ,  
i 
! 
i 
! l 
l 
I 
' 
I 
Fi gure B-3 : Tempe rature Data Fo rm 
remainder in i nk .  
RESEARCHER : 
+-�--
·+-· -- · 
I 
I 
_ _L 
i I 
I 
I 
I 
I 
I 
I I 
I I 
----
I 
I I ! �---r--- � - · · ··-r--·-T-·- ----- - --� · -
I ! I 
I l r I I ! ·-! 
1 ! --
I ! i L-. i  I i I I -I 
I : ! I 
I I I l i --I I ___. __ 
i I l l i 
I J -- - r ·- -- �-- -·-
+-- l · f_-+ 
·- · -, -- -t-- _ J. 
I ! i l 
I ! 
I I 
�-- � 1-_..i _____ -+----l I l 
I I 
I 
: 
I ; 
I ! 
; I 
i 
! 
I 
I 
--l...--�-
I I 
; 
I 
I 
! 
I 
! 
I 
I 
! --.--I 
I 
j 
! +- -
-, - - ·  I _l -�----��--. I . 
I I -r-
-+-t 
..,L_ _ _ l . 
SDSU ALCOHOL FUEL DATA SHEE T ,  page one . 
raw data in penc i l , remainder in ink . 
BATCH # :  ________ _ DATE : RESEARCHER : _____________ _ 
96 BACKSET : ____ _ CORN/WATER RA TIO : TO TAL BU : ___ _ 
BEER 96 ETOH : ___ ADDED WATER OR ETOH : ______ _ 
TO TAL LI TERS E TO H : ___ PERCENT ALCOHOL : __ _ 
TO TAL WET GRAIN · PERCENT MO IS TURE · .
TIME : 
SYS TEM FLOW RATES : 
S TEAM 
FEED C/S 
BUCKET TES T  
REFLUX #1  C /S 
REFLUX #2 C/S 
BUCKE T TES T  
S TILLAGE C/S 
BUCKET TES T 
EFFLUENT 
WET GRAIN 
COOLING WATER 
PRODUCT 
PRODUCT % E TO H :  
SAMPLE TEMP 
CORREC TED % E TOH 
STEAM PRES SURE : 
HYDROLI CS PRES : 
ATMOSPHER I C  PRES : 
ELEC TRICAL : 3¢ 
1 1  
MILL CURRENT 
HEA TER CURRENT 
S TILLAGE 96 ETOH : 
Figure B-4 : Mi s cel laneo us Data Form 
YIELD : ___ _ 
I 
- ·  
F-
l T i 
7 3  
--
-· 
-
--
-·· -
- -
--
--· 
APPENDIX C 
EQUIPMENT 
Pumps 
The pumps emp loyed at  South Dakota S ta te Univers i ty wil l  be 
des cribed here in . Each p ump i s  of  p o s i t ive displa cement capab i l i ty ,  
and has hydraulic drive for inf ini te speed contro l . Operating per-
forrnance are evalua te d and recommendat ions made for the fu ture . 
These par t i cular pump s have been emp loyed for a ve ry l imi ted perio d ,  
app roximately e i gh t  hours a week for one year . 
Fee d  Pump 
74 
The p ump emp loyed t o  move com-beer from the fe rmen t e rs to the 
dis t illat ion tower i s  te rme d the feed pump ( see Figure C- 1 ) . This 
0 0 
p ump moves a 3 0  C ( 86 F) , aqueous solution o f  e thanol ( 1 0  percen t by 
volume) and corn part icles ( 8 . 5 percen t by we ight ) .  The p ump ing rate 
ranges from 600 to 900 l i ters per hour ( 1 60  to 240 gall ons per hour ) . 
The pump is  also capab le o f  moving tap wa ter through the d i s tillation 
75 
Figure C- 1 :  Feed· Pump 
column for c leaning purposes . 
SDSU employs a pos i t ive disp lacement , pro gre s s ive c avi ty- typ e  
pump f o r  this ap p l i ca t ion . The pump is capab le o f  moving the feed a t  a 
s teady rate des p i te fluc tuations in inle t and outle t pres sures . This 
is impor tan t  in maintaining a constant temperature wi thin + 0 . 2°C 
( 0 . 4
°
F )  in the s tr ipper column . 
The feed ·pump i s  made by Roper Pump Company , Commerc e , Georgia 
305 2 9 . The de s crip t ion on the pump is  Fi gure Number 7 1 2 0 2-GHZ , type 1 ,  
Serial Number Y3 1 32 . The approxima te re tai l cos t i s  $ 6 6 5 , includ ing 
the hydraul ic drive mo tor (Dobhs.:, 1 9 82 ) . 
The Roper p ump has p er formed i t s  funct ion adequately over the 
s hor t tes t p er iod o f  400  hours o f  intermi t tant opera ti on . The feed ra te 
can b e  held s teady a f ter the firs t hour of  opera t ion of the pump . 
I t · has been fo und tha t rap i d  de teriora tion o f  the s tator may 
occur when this p ump i s  acc idently opera ted wi thout f luid . All pre­
cau tions should b e  taken to keep this from oc curing and replacement 
s ta tors should b e  kep t in s tock . In add i t ion , due to the l imi ted 
lub rica tion proper t ie s  o f  the fluid s tream ,  periodic replacemen t  of 
the s ta tor , and po s s ib ly ro tor , can be ant icipated . 
S tillage P ump 
76 
The p ump emp loyed for cont inuous removal of spent corn-beer 
( s t i l lage)  from the s t ipper column i s  the same type a s  tha t  emp loyed for 
feeding the column . The Roper Fi gure Number 7 1 2 02-GNC , Type 1 ,  
Spec 9082 , Serial Number Y 3 304 , p ro gre s s ive cavi ty- typ e pump i s  one s i ze 
larger than that emp loyed t o  feed the column ( s ee F igure C-2 ) . The 
s t illage pump emp loyed at SDSU is made to wi ths tand a fluid temp era ture 
of 1 00
°
C ( 2 1 2
°
F) p ump ed at a rate of 700 to 1000 liters  p er hour ( 1 80 to 
2 60 gallons per hour ) . The approxima te cos t o f  thi s  p ump and drive 
mo tor is $ 1 0 30 ( Dobb s ,. 1 9 82 )  . . _ 
The Roper pump in this application has also performed wel l  
during the sho r t  durat ion o f  the tes t .  Once again , due t o  the l imi ted 
lubrication properties  of the f luid s tream , periodic rep lacement of the 
s ta tor , and po s s ibly ro tor , is ant i c ipated . 
Rec ti f ier Pump 
The pump emp loyed to cont inuous ly move liquid water and alcohol 
from the b o t tom of the r ec ti fier column to the top of the s tr ipper 
co lumn is  called the rec t i f ier pump . The purpose of the pump i s  to 
maintain the s er ies connec t ion of fluid flow b e tween the columns . 
7 7  
The pump emp l oyed for this app l ica t ion is  a po s i t ive displace­
men t , gear- type p ump . The pump is  manufactured by Viking P ump Company , 
Cedar Rap ids , I owa 5 06 1 3 .  The spe c if ic pump employed a t  SDSU i s  shown 
in Figure C-3 . I t ' s re tail value i s  $ 32 5 , including the hydrauli c  
dr ive mo tor (Dobbs_� ! 9 82 ) : . . . 
I n  order to reduce wear , thi s pump i s  overs iz e d  and operated a t  
les s  than 200 revo l u t ions p er minu t e . Model HV 2 34 1 ,  S e r i a l  Number 
1 75 7 85 3 ,  is rat e d  at approxima tely 2 30 l i ters per hour ( 60 gallons per 
hour) a t  thi s s pe e d . 
Again , the p ump has proven to work properly in thi s  appl i ca t ion , 
but has shown some wear prob lems . Even te f lon impregnated p ar t s  appear 
to wear in the wat er-e thanol mixture and ne ed to be replaced p eriodi­
cally . The 400 hours o f  use has resulted in r eplacemen t o f  two interior 
par t s . 
Centrifuge 
The centri fuge a t  South Dako ta State Univers i ty i s  employed to 
remove as many solids  from the corn s tillage as pos s ib le . The h i gh 
mo is ture solids are f ed to c a t tl e  as dis tiller s  we t grain whi l e  a 
por t ion of  the l iquid was t e  i s  re turned to the next cook b a t ch . The 
purpose of r ecycl ing the l iquid is to boo s t  the alcoho l yiel d  in the 
convers ion p ro c es s . 
The make o f  the centr ifuge is  Sharp les-S tokes Div i s ion o f  
Pennwal t  Corpora t ion , 9 5 5  Mearns Road , Warmins ter , P enns ylvania 1 89 74 . 
I t  i s  a type BM. PF956 / 7 4 82 1 1 3 ,  Serial Number 7 3-P600- 1 8 7 ; c apab le of  
separa ting up to three-four ths o f  the solids from the s t illage . S e e  
7 8 
Figure C- 2 : S ti l lage P ump 
Figure C- 3 : Rec t i f i er Pump 
Tab le B-2 in App endix B for analyses o f  the s t illage , animal feed 
(dis tillers we t gra in) , and was te water ( thin s tillage ) . F igure C-4 
is a pho tograph of the centrifuge . Figure C-5 shows the interior 
cons truc tion o f  the machine . The approxima te cos t o f  this p iece o f  
machinery i s  $ 3 2 , 000 (Ho f fman , 1 98 2 ) . 
Dis tilla t ion Tower 
7 9  
The dis t il l a tion t ower pic tured i n  Figure C-6 i s  a two-column 
uni t o f  s ieve tray ( perfora ted p la te } des i gn . I t  is  cons tructed o f  
welded s tainles s  s teel and operates at  a tmo spheri c  p re s s ure . The 
co lumns are each 30 . 5  centime ters ( 1 2  inches )  in d iame ter and 4 8 3  centi­
me ters ( 1 9 0  inches ) tall . The tower is  capab le o f  refining 9 0  l i ters 
(24 gal lons ) per hour o f  9 2 . 5  percent e thanol produc t from a 1 0  p ercent 
e thanol corn-beer . The uni t  is  on loan from Arlon Indus tr i es , Inc . , 
P . O .  Box 3 4 7 , Sheldon , Iowa 5 1 20 1 . The approxima te cos t  is  $ 1 9 , 00 0  
(Dobb s ,_ 1 9 82 ) . . 
Figures C-7  through C- 1 0  are scaled drawings o f  the appara tus . 
Fol lowing are s ome s el ec t ,  des crip t ive i tems regarding the d i s tillation 
tower cons truc t ion . 
F i gure C-4 : Centr i fuge 
Fi gure C-5 : Centri fuge Cons truct ion ( Pennwal t  Corpora t ion) 
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Figure C-6 : D is t i llat ion Tower 
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Figure C-7 : Overall Dist illation 
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F igure C-8 : Top View o f  S t ripper Column ,  1 : 3  Scale 
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Figure C-9 : S ide View of S t ripper Column In terior , 1 : 3  S cale 
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a .  
b .  
Figu re C- 10 : Top View ( a . ) and S ide Vie,.; (b . )  o f  Re ct i f i er Column , 
1 : 3 S cale 
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A 2 . 5 centime ter ( 1 . 0  inch ) shell o f  f ib erglas s  insulat ion covers 
much of the dis til l a t ion uni t  (Figure C - 7 ) . 
8 6  
The 7 . 6  centime ter ( 3 . 0 inch) diame ter tub ing conne c t ing the columns 
allows for pas sage o f  vapor from the s tr ipper column to the rec tifier 
column (Figure C- 7 ) . 
The condens er i s  1 5 2  cent ime ters ( 60 inches ) tall (Figure C- 7 )  and 
contains 7 6 . 2  l inear me ters ( 25 0  f ee t )  o f  1 . 9  cent ime ter ( three­
four ths inch) d i ame ter s ta inles s s teel coil . 
The s tr ipper column contains 1 5  perfora ted trays ( fric t ion f i t )  at  
2 7 . 9  centime ter ( 1 1 . 0  inch ) interval s b elow th e feed inle t ;  two 
above the feed inle t . There are 5 9  per fora t ions , each 1 . 2 cen t ime ters 
( 0 . 50 inch) in diame t er , in each tray . This p rovides an e f fec t ive 
open area o f  1 0 . 2  p ercen t . 
Each J- tube in the s tr ipper column (Fi gure C-8 ) is  3 . 8  cen time ters 
( 1 . 5  inches ) in d iame ter . 
The 7 . 6 cen t ime ter ( 3 . 0  inch ) diame ter cup (Figure C- 8 )  has a s l o t  
cut from i t  such that a 4 . 4  cent ime ter ( 1 . 7 inch) l iquid l evel i s  
maintained on each t ray in the s tr ipper column dur ing oepra t i on . 
A 1 2 . 4  centime ter ( 4 . 9  inch) wide by 9 . 9  centime ter ( 3 . 9 inch) tall 
solid place forces f luid in a circular pat tern around the edge s of  
each tray in the s tr ip p er column dur ing opera tion (Figure C - 8 ) . 
The rec t i f i er column contains 2 3  per fora ted trays ( fr i c t ion f i t )  at  
1 4 . 0  centime ter ( 5 . 5  inch ) interval s in the lower thre e-four ths of  
the column . There are 940 perforations (no t  shown in Figure C- 1 0 ) , 
each 0 . 3 1 8  centimeter ( 0 . 1 2 5  inch) in diame ter , in each tray . Thi s  
provides an e f fe c t ive open area o f  1 0 . 2  percen t . A 1 . 9  centimeter 
( three- four th inch) ou ts ide diame ter and 7 6 . 2  me ters ( 2 5 0  f ee t )  long 
s tainless  s teel coil  oc c upies the upper one- four th of the rec t i f ier 
column . The purpo s e  o f  the c o il is  to use heat from the condensa t ion 
o f  reflux in the rec t i f ier column to prehea t the corn-b eer feed to 
the s tripper column . 
Each J- tub e  in the rec t i f ier column (Figure C- 1 0 )  is  2 . 5  cen t imeters 
( 1 . 0  inch) in d iame ter . 
Th e 7 . 6  centime ter ( 1 . 0  inch ) diame ter cup (Figure C- 1 0 )  has a s l o t  
c u t  from i t  s uch tha t a 3 . 0  centime ter ( 1 . 2  inch ) l i quid level is  
main tained on each tray in the rec t i f ier co lumn . 
* A 1 4 . 0  cen time ter ( 5 . 5  inch) wide by 7 . 6  centime ter ( 3 . 0  inch) tall 
p late forces f luid in a c ircular p a ttern around the ed ges of each 
tray in the rec t i f ier c o l umn dur ing op era t ion (Figure C- 1 0 ) . 
APPEND IX D 
HYDROMETER CALIBRATION 
A s impl e , inexpens ive hyd rometer is employed t o  d e t ermine the 
perc ent by vo lume of  ethyl alc ohol in the hyd rous ( c ont a in in g  water)  
alcohol produc t .  The t emperatu re-c ompensated hydrometer is  a Tra lle 
& Proof Thermo-Hyd rometer , U . S .  Cu stom Hous e  Standard , 38 0 mm ' , numb er 
1 1- 5 95 an d is ava ilable from Fisher Sc ient if ic Company , 7 1 1 Forbes  
Avenue ,  P i tt sburgh , PA . 1 5 2 1 9 . See Figure D-1 for a pho t o graph . 
Pr io r  t o  the us e o f  the hydromet er , cal ibra t ion t es t s  a re 
perf ormed . Three a lc ohol samples are us ed to construc t a cal ib rat ion 
curve , F igure D-2 . The t rue percent by volume o f  ethyl alcoho l  in each 
a queous solu t ion is det ermined by an al t ernate me tho d of measuring 
apparent spec ific grav i ty .  Th is met hod is mo re ac cura t e  than the u s e  
of  the hyd rometer , bu t i s  much more t ime c onsuming . The proc edure 
out l ined in Append ix G; ' Perc ent Ethanol Measurement and Ca l ib ra t ion ' , 
has produc ed the result s in Table D- 1 .  
8 7  
Figure D- 1 :  Temp era ture Compens a ted Hydrome ter 
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Tah l� D-1 : Hydrometer Cal ibrat ion Sampl es . percentages are by �olume 
Percent by Vo lume 
SAMPLE 1 
SAMPLE 2 
SAMPLE 3 
TES T  1 
93 . 9 6 
9 1 . 8 4 
8 9 . 53 
TEST 2 
94 . 01 
9 1 . 78 
8 9 . 5 3 
AVERAGE 
93 . 9 7 
9 1 . 8 1  
8 9 . 5 3 
... 
r::: 0 •r-1 "-' C1j H "-' 
r::: Q) (..) 
r::: 0 u 
....-! 0 
§ ,..c::: "-' 
l=il 
'"d Q) "-' 
(..) Q) H H 0 u 
9 5  
9 4  
9 3  
9 2  
9 1  
9 0  
89 
89 9 0  
Degree s 
Cen tigrade 
9 1  9 2  
30 15 
9 3  
Hydrome ter Reading , percen t by vol ume 
Figure D-2 : Hydrome ter Cal ib ra t ion Curve 
8 9  
9 4  95  
The hyd romet er t o be cal ibrated is placed in each s ampl e at 
0 0 
var iou s t emperatures between l S  and 3 2  C ( 60 and 9 0  F) . The t echn ique 
employed when read ing the hydrome t er is  discus s ed later . The data 
thu s  genera t ed ( see Tab le D-2 , below) are emp loyed t o  c on s t ru c t  the 
cal ibrat ion curve , Figure D- 2 . 
Tab l e  D-2 : Cal ib rat ion Curve Cons t ruct ion Data , perc en t  by vol ume 
SAMPLE 1 SAMPLE 2 SAMPLE 3 
90 
94 . s o @ 1 6°C 9 0 . 00 @ 18 °C 9 2 . S O @ 16 °C 
94 . s o @ 2 1°C 90 . 00 @ 2 0°C 9 2 . 0 0 @ 2 1 °C 
93 . 7 S @ 2 7 °C 90 . 00 @ 2 6°C 9 1 . 7 S @ 2 6°C 
93 . 00 @ 3 6 °C 8 9 . 7 S @ 33 °C 9 l . S O @ 3 6°C 
Hyd rometer Use 
The fo l lowing t echn ique is empl oyed fo r use o f  the hyd romet er . 
A SOO mil l imet er ( 0 . 1 3 gallon) , plast ic graduated cyl inde r is  employed 
for taking the sample . Hydrou s alc ohol is ob tained from the d is t il lat ion 
t ower cond enser f rom between lS and 3 2
°
C ( 60 and 9 0
°
F) .  
The hydrometer is plac ed in the sample and allowed t o c ome t o  
thermal equ i l ib r ium with t h e  flu id , requ ir ing approxima t e ly f ive 
minu t es .  The rea d ing shou ld b e  taken such that the bo t t om o f  t he 
men iscus d e termines the perc ent by volume o f  ethanol in the s olut ion . 
A temperature comp ensat i on is then appl ied when the samp l e  is a t  a 
0 0 
temperature o ther than l S  C ( 6 0 F) .  Refer t o  Figure D-1 . Then one 
us es this temperature compensated value as the abs i ssa (ho r iz ont a l  axis ) 
of the ins trument c a l ib rat ion curve o f  Figure D-2 . The ord ina t e  
, 
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(vertical axis ) then p rovides a reading ac cu rate to approxima tely 
� 0 . 5  pe rcent b y  vo lume o f  e thyl alcohol in the aqueous solu tion . 
Thi s  reading i s  con tingent upon the assump t ion that any impuri ties 
p resen t  have an insi gni f ican t  e ffec t  upon the meas uremen t .  
Impuri t ie s  
Glycero l , s uc cinate , fusel o il , and o ther impur i t ies have 
long b een known to be b y-p ro du c ts o f  e thano l fermen tation ; Pyke ( 1 96 5 ) . 
Reed and Peppler ( 1 9 7 3 ) , and Yang e t  al . ( 1 982 ) . The · format ion and 
relat ive amoun ts o f  the maj or by-p roducts will be b rie fly d i s cus s e d . 
Glycerol and Suc c inate 
The p roduct ion of sub s tan tial amoun ts of glycero l and succini c 
acid in the fe rmen ta t ion p ro cess has lon g been ob serve d ; Pyke ( 1 9 6 5 ) , 
Oura ( 1 9 7 7 ) . I t s  p rodu c t ion i s  in fluence d  by the sugar concentrat ion , 
ferment a tion tempera ture , pH , yeast  st rain , the amoun t o f  o xygen , the 
sodium chloride concen trat ion , and th e sul f ide leve l , acco rdin g  to 
Yang e t  al . ( 1 9 82 ) . I t  i s  generally obs erved that app roxima tely three 
pe rcent o f  fermen tab le s ugar is converted to glycero l . Pyke ( 19 6 5 )  
calculates tha t succ ina te consumes ano ther 0 . 6  pe rcent . Glycero l 
con cen tra t ions in corn-beer are reported by Pyke ( 1 9 6 5 ) , Oura ( 1 9 7 7 ) , 
and Yang e t  al . ( 1 9 8 2 ) to b e  be tween 0 . 1 1  and 0 . 2 5 percent b y  wei ght . 
Oura ( 1 9 7 7 )  has determined that succ inate concent ra t ion s  are approxi -
mately one-fi f th that amoun t .  
Howeve r ,  very l i t tle glyce ro l  or succinate should f ind i t s  
way from th e fermen te d beer to the final p roduct . Like the corn o il 
found in the corn-bee r ,  the b oiling po in t  o f  glycerol and s ucc ina te i s  , 
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s ubs tan ti ally ab ove 1 00
°
C ( 2 1 2
°
F) . Glyce rol boils  at  2 9 0
°
C ( 5 5 4
°
F) , 
0 0 
s uc c inic acid at  2 35 C ( 4 5 5  F) , (Weas t ,  1 9 80 ) . The re fore , al l o f  these 
compounds are elminated f rom the dis t illation tower with the spent co rn-
bee r ( s tillage) and should no t be p resent in the f inal e thanol p ro duc t .  
Fusel Oil 
Fusel o i l s  c omprise the se cond large s t  group of by-products 
in al cohol fermen tat ion (Pyke , 1 96 5 ; Oura,  1 9 7 7 ;  Yang e t  al . ,  1 9 82 ) . 
The mos t  p revalen t fusel o i l s  are ! -p ropano l ,  iosbutyl al coho l , ac tive 
amyl al cohol ,  and isoamyl al cohol (Webb , 1 9 6 3 ;  Suomalainen , 1 9 7 1 ; and 
Yan t e t  al . , 1 9 8 2 ) . The se compounds are found in fe rmen t a tion beers 
in comb ined concen t rations of 0 . 05 to 0 . 1 2  pe rcent by wei gh t  unde r 
anae robi c  cond i t ions . According to Webb ( 1 9 6 3 ) , ae rob i c  condi tions 
yield highe r fuse l  o il con cen trations by a factor o f  four . 
Un fo r tuna tely , the b oiling points  o f  many aqueous so lutions 
of fuse l oil cons t i tuen ts are be tween 78 and 1 0 0
°
C ( 1 7 2 and 2 1 2
°
F ) , 
Webb ( 1 96 3 ) . These compounds do no t s imp ly es cape wi th the s tillage , 
but are es sentially t rapped wi thin the dis t illation uni t .  Al though 
SDSU does no t remove these cons t i tuen ts from the uni t ,  a comme r ci al 
operat ion will have to p rovide for their eventual removal as they may 
accumul ate and di s rup t the dis t illation p ro ces s .  During the sho r t , 
e i gh t  hour runs a t  SDSU , the compounds did no t disrup t the p ro ces s .  
As s uming that all the fusel o il in the bee r did f in d  i t s  way 
over the re c t i fi e r  t owe r and into the p roduc t ,  the e f fe c t  on the 
hydrometer me asuremen t would s till be nil . Th e speci f i c  gravi ty o f  
the se hi gher alcohols  are wi th in three percen t o f  that o f  e thyl al cohol 
(Webb , 1 9 6 3 ) . S in ce the ir concentration mus t be less �han 0 . 5  to 1 . 2  
9 3  
percent in t he produc t ,  the error imposed b y  their pre s enc e mus t  b e  
les s than 0 . 04 percen t  ( 0 . 03 x 1 . 2 % = 0 . 04 % ) . It  i s  s a f e  t o  say that 
the ef fec t s  of these impu r it ies are und etec tabl e . 
APPENDIX E 
TEMPERATURE MEASUREMENT 
E f f ec t ive opera t ion o f the d is t il lat ion appara tu s r e qu ires 
extens ive knowledge as t o  the temperature d is t r ibut ion in the sys t em . 
The t emperature a t  any pa rt icular po int in the s t ripper s ec t io n  
d e termines the ext ent o f  ethano l  s eparat ion and thus the n e e d  f or 
adj u s tment s  in the s team supply . The t empera tu re a t  any part icu la r  
po int in the rec t if ier s ec t ion d ictates the amount o f  coo l ing that 
mus t  be suppl ied in o rd e r  to obt a in a des ired conc ent rat ion o f  ethanol 
in the p ro du c t . 
S outh Dako ta S ta t e  Un ive r s i ty u t il iz e s  a sys t em o f  thermist ers  
provided by S ie rrac in/We s t e rn Thermis ter , 3 54 Via Del  Mont e ,  Oc eans id e , 
Cal i fo rnia 9 2 054 (part  numb er 7 7 8 Cll 32 ) . Th ir ty- s ix sen s o r s  a re 
plac ed in s t rat egic loc a t ions throughout the sys tem and are mon it ored 
at a s ingle l o� at ion . A thermis t er l ineariz e r  and d ig ital d isplay 
un it prov ides info rmat ion t o  l O Oths o f  a degree cent igrade . The 
9 4  
, 
elec t ronic s cons is t s  o f  a RVC8 Thermis ter L inear izer and is  provided 
by Int er s il , Inc . , 1 0 7 1 0  N .  Tantau Ave . ,  Cupert ino , Cal if orn ia 9 5014 . 
Cal ib ra t ions o f  each temperature censor have been made a t 
their respec t ive opera t ing t emperatures . A 7 6MM S - 8 0 0 0 5-B mercu ry 
thermomet e r  mad e  by Sargent We lch S c ient ific Company has b een 
c a l ibrated at 0 . 0°C and near 1 00°C by use of an ice bath and boil ing 
wate r ,  respect ive ly . S enso r measuremen ts are then compared t o  tho s e  
o f  t h e  thermome t e r  and co rrec ted accordingly . Figure s  E- 1 and E - 2  
a r e  typ ica l o f  t h e  ca l ibrat ion curves employed . The c or rec ted 
temperature read ings a re accurate to + 1 d egree c ent igrad e . 
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APPENDIX F 
STEAM MEASUREMENT 
The measuremen t o f  s team flow at the SDSU al cohol fuel p ilo t 
plan t  is  de s c r ib e d  herein . L ive , s a turated s team i s  dire c tly inj e c te d  
in to the 30 . 5  cen t ime te r  ( 1 2 inch) diame te r ,  s tainle s s  s te e l  s t rippe r 
section o f  the dis t ill ation un i t . Knowledge o f  the ra te o f  s team flow 
i s  employed in the b o dy o f  thi s  the s is to de termine the quan ti ty o f  
energy req ui re d t o  dis t ill e thanol from a com-wa ter-e thanol s l urry . 
A s e t  o f  Meriam Ins t rumen t s , 9 5 2FS 30 , forged s te e l  o ri f i ce 
flange s  are ins talle d in a 5 . 1 centime te r  ( 2 . 0  inch ) diame ter s e gmen t 
o f  the incoming s te am l ine . P re s sure fluctuat ions measured wi th a 
1 1 2 6  Meriam Ins trumen ts d i f fe ren tial p re s s ure ( DP )  cell we re conver te d  
t o  kilograms p e r  hour ( pounds mass p�r hour ) s team flow .  
Figure F- 1 i s  a d rawing o f  the ori fice me ter . Spe ci fications 
on the flanges and DP cell are included .  Figure F-2 i s  a pho tograph 
of the steam measuremen t app aratus . 
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I I 
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0 . 04 8 In -=--, � 
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"1""4 '-1-1 J..4 ..0 � H  
0 0 0  
M M  
Cll � s:: N H 
In 
4 . 37 5  In 
_l 
� Stainless S teel Orifice P late 
r-L-��,_�_. -N----�----------- F ill Wi th Water and Plug 
( 1 / 4  In S tee l Tubing ) 
0 to 1 50 In Meriam 1 1 2 8  DP Ce l l  
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Ups t ream and Downs tream Pip es Mus t  
Have Smooth Internal Diame ters 
Weld 
Flange 
Orif ice Plate Shoul d  be Ins talled 
in a Concentr ic Posi t ion 
Gasket Ins ide Diameter Should No t 
P rotrude to Ins ide Bore 
Figure F- 1 :  Ins tallat ion o f  Orifice ·Meter 
, 
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The tables and graphs employed in these emperical rela tionship s are 
in Figures F-3 through F-5 and Tables F- 1 through F- 3 .  
The unce r t anty in the flow meas urement i s  dis cus sed the rea f te r . 
Ac tual c alibra t ion data are then p re s en ted to ver i fy the emp iri cal 
p redi c tions at a s in gl e  operat ing po in t . 
Flow Cal culat i ons 
The followin g rel at ionship was emp loyed to de termine the 
s team flow rate to the d i s t illat ion co lumn given a parti cular DP 
re ading and s t e am l ine p ressure ( Sp ink , 1 9 7 2 ) . The re la tionship and 
re lated f i gure s and tab les are in the Engl i sh sys t em o f  measure . 
The final f low rate was conve rted back to the des i re d  sys t em 
o f  measure after the relat ionship has been u ti l i ze d .  
whe re : 
W
h 
= 35 9 S D2 Fa Fm Fe Y � hw 
w
h 
i s  the mas s flow ra te o f  the s te am in pounds mas s  pe r hour . 
s is an index for determining d / D ,  S = K 1 f 
2 
where f = d / D .  
D i s  the ins i de diame te r o f  the s te am pipe in inche s . 
F is the tempera ture corre ction factor ( o ri fi ce exp ans ion 
a 
fac to r) . 
F is the viscosi ty o r  Reynolds numb e r  correction f ac tor . 
c 
Y i s  the gas expansion factor . 
yf 
is  the s t e am ' s specific weight in pounds mas s  p e r  cub i c  foo t .  
h i s  th e d i f fe ren tial p ressure reading in inche s o f  wa ter . 
w 
This re la tionship i s  valid for compre s s ible gas and is
. 
re commende d fo r s a tura te d s te am i f  �
f 
i s  divi ded by the q uali ty o f  the 
s team.  S team qual i ty i s  de f ined as the percentage o f  mas s  wh i ch is 
in the vaporo us phas e , typ i cally 95 to 1 00 p ercent . 
, 
9 8  
Figure F-2 : S team Flow Measurement Apparatus 
1 00 
S ince S = K
1
� 2 ; (>= d / D ;  and , fo r a d iaphragm met er , F
m 
the rel a t ionship c an be wr i t t en in the fo llowing manner : 
1 ·  ' 
W
h 
= 3 5 9  K d 2 F F Y1�
f
h 1 a c w 
where : W
h is the mas s  f low rate o f  the s team in pound s . mas s . per hou r . 
so  
d 
is the coe f f ic i ent o f  d is charge ( this  fac t o r  inc ludes a 
veloc ity of  approach factor . The operat ing c ond it ions 
covered in t h is paper are sl ightly ou t  of the range of tho s e  
recommende d  by S p ink ( 1 9 7 2 )  f o r  d e t erminat ion o f  K
1
• This 
is taken int o  ac count when the uncertaint ies are examined ) .  
is the ins ide d iame ter of the o r if ice pl at e  in inches . 
F is the t emperature co rrec t ion factor (o r i fice expans ion 
a 
f ac t o r) . 
F is the viscos ity o r  Reyno ld s Numb er c orrec t ion fac to r .  
c 
y is the gas expans ion fac tor . 
is the s team ' s s pec if ic we ight in pound s , mas s , per c ub ic 
fo ot (op erat ing cond it ions at the SDSU alcohol plant are 
saturat ed s t eam a t  1 5  pounds pe r  s quare inch , gauge . S inc e 
the s team l ine to the s t il l  is rela t ively shor t ;  is wel l 
insulat ed ; and the s t eam is thro t t l ed f rom 90  pound s per 
s quare inch , gau ge ; it  is as sumed that the s t eam qual ity is 
98 percen t . The unc ertainty examined lat er wil l t ake into 
account a qual ity d own to 9 6  percent ) .  
h is the d if f erent ia l pressu re read ing in inches o f  wat e r . w 
Fo r 1 00 percent gauge f low : 
The Reynol d s  Numbe r  i s  det ermined a s  fol lows : 
* � is the mas s  flow rate o f  the s team in pound s mas s  per hour . 
D is t he ins ide d iamet er of  the s t eam p ipe in inche s . 
u i s  the absolu t e  viscos ity of  the s t eam in c ent ipo is es . 
w
h 
34 0 (as sumed) 
D 2 . 014 (measured ) 
u 0 . 0 1 3 5  ( from F igure F- 3 )  
� ( 6 . 3 2 ) X ( 34 0)  I ( ( 2 . 0 14 ) X ( 0 . 013 5) ) 
7 9 , 0 0 0  
1 0 1  
K
l 
0 . 6083 (+ 0 . 001 ) ( from Tab l e  F- 1 )  
d 0 . 7 5 5  ( +  0 . 002 ) (measured ) 
F 1 . 002 ( 0 . 0005)  ( f rom Tab l e  F-2 ) 
a 
F 0 . 9 9 5  (0 . 00 2 )  ( f rom F igure F-4 )  
c 
* y 0 . 94 2 ( 0 . 002 ) ( f rom F igur e  F- 5 )  
� * f 
0 . 0603 ( 0 . 001 2 )  ( f rom Tab l e  F- 3 )  
h 15 0 
w 
( 3 )  (measured ) 
so w
h 
348 . 7  lb /hr 
m 
Error Analys is 
The unc e r t a inty in Wh 
is found by evaluat ing the d i f f erent ial 
3 5 9  K
1 
d
2 
F
a 
F
e 
Y 1 rf hw in the fol lowing mann er : 
ln 3 5 9  + ln K
1 
+ 2  . ln d + ln F
a 
+ ln F c 
+ ln Y + � ln )'f + � ln h
w 
dW
h 
--= o- + 
w -
h 
dK
1 2 
.d ( d )  
-- + --K
l 
d 
(dWh) ( l OO% ) 
w
h 
( 0 . 001 
0 . 6 083 
+ 2 ( 0 . 002 ) + 0 . 0005 + 0 . 002 + 0 . 002 +1 0 . 0012 + 
0 . 7 5 0 1 . 00 2  0 . 9 9 5  0 . 94 2  20 . 0603 
�
1�0 ) ( 10 0% )  
0 . 16 + 0 . 5 3 + 0 . 0 5 + 0 . 2 0 + 0 . 2 1 + 1 . 0  + 1 . 0  
3 . 2 % 
The unc erta inty in Wh at fu l l  f low ,  bas ed on emperical 
relat ionships , is theoret ic ally 3 . 2  percent . This is b as ed upon t h e  
uncerta int ies l i s t ed a b  v e  (Phy s i c s  Depar tment ,  1 9 80 ) . 
*The paramet ers wit h  an a s t erisk mu s t  b e  re-evaluat ed fo r o th er than 1 5 0  
inches o f  water o r  1 5  pounds mas s _ per square inch gauge pre s su re . The 
uncertaint ies a s s o c iated with each quant ity are e s t imated and pl ac ed in 
pa renthe s i s . 
Figure F-3 : 
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Ab solute Vi scos i ty o f  Various Gas s es ( Jennings , 1 9 7 0 )  
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Kz VALUES FOR F L A N G E  A N D  OTHER ClOSE-UP TAPS 
Kt = 0 . 5 9 8 + 0.0 1 {3  + 0.0000 1 <1 47 ( 1 0p )u�� 
-t- . 0 1  -i- . ( l 2  + . 0 3  
. ..'">9B I .. ')9i l:l . .  '"l C)iU 
. 5 9 9 1 . 5 9 9 2  . S IJ 9 4  
. 6006 . GOOB . () ( }  1 1  
. 60 40 .6045 . 60 5 1 
. 6 1 2 1  . 6 1 3 3  . 6 1 47 
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. (, ( )99 
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+ . 000 - --
-- - - --· -
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. 6 34 B  . (, :'J') 1  . (> 3 5 3 J> 3 S<> . 6 3 5 () . 6 3 (> 2  . 6 3 64 . () 3(>7 . <J 370 
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. 64 3 7 . 6 4 4 1 . 6444 .6447 . 6 4 5 1  . G 4 5 4 . 6 4 5 7  . . 6 ·\ 6 1  . 6 46 4  
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. 7 4 2 9  . 7 4 37 . 74 46 . 7 4 5 4  .746 3 .747 1 .7480 .74�8 .7 4()7 
. 7 5 1 4  . 7 5 2 3  . 7 5 32 . 7 540 . 7 5 49 . 7 5 5 8  .7567 . 7 5 7 6  . 7 5 8 5  
Table F- 1 :  Ori f ic e  Ex ans ion Factors for Flange and Other Clo se-up 
Taps ( S p ink , 1 972 ) 
1 0 3  
Fa VAlUES, CORRECTI O N  F O R  THERMAL EXPA N S I O N  OF P R I M A R Y  D EVICE * 
Type 
Alum. Copper 
430 
--- --- ---
- 29 8  
- 230 - 37 8  
- 1 7 8  - 26 6  
- 1 3 1 - 1 9 4  
- 8 5 - 1 32 
- 4 1 - 72 
+ 3  - 1 5 ' 
+ 47 + 42 + 24 
+ 9 1 + 99 + 1 1 2 
+ 202 
290 
374 
456 
5 3 1  
604 I 677 749 
8 1 7  
8 8 4  
9 5 2 
1 020 
1 087 
1 1 55 
1 2 23 
· Tem pc ratur·e at Ori f ic(" , °F. 
Y' I � 7£ ' /o :> o 
CR �1 0 CH. � l O Bronze 
--- --- ---
- 360 
- 27 3  
- 2 1 6  
- 1 6 3  
- 1 1 1  
- 60 
- 8  
+ 28 + 27 + 43 
+ 1 08 + 1 1 0 .. + 9 5  
+ 1 84 + 1 9 1 + 1 49 
260 272 200 
3 3 1  3 5 2  249 
400 426 297 
468 4 9 3  345 
534 5 60 393 
5 97 628 4 40 
6 60 696 
720 763 
780 827 
842 888 
899 948 
956 1 009 
1 0 1 1 1 07 1  
1 0 65 1 1 3 3  
Steel 
---
+ 3 1  
+ 1 06 
+ 1 8 1  
254 
324 
3 9 2  
4 5 7  
520 
542 
644 
705 
7 6 5  
8 2 3  
8 7 9  
934 
9 8 8  
1 04 1  
!Type 3 1 6  
Monel or 
Type 304 
---
- 32 5  
- 2 8 1  - 226 
- 1 9 1 - 1 52 
- 1 08 - 86 
- 3 3 - 2 4 
+ 38 + 38 
+ 1 04 + 1 0 1  
+ 1 6 8 + 1 5 8 
230 2 1 3  
290 266 
348 3 1 8  
405 367 
4 6 1  4 1 4 
5 1 6  463 
5 7 1  5 1 2  
626 560 
680 607 
7 3 3  6 5 5  
7 8 5  7 0 3  
8 3 5  7 5 0  
8 8 6  7 9 6  
9 3 5  8 40 
• Use one-half the values shown for ann ular ori fices or target meters. 
Corr. 
Fac tor, 
F� 
---
. 9 9 2  
. 9 93 
.994 
. 9 9 5  
. 9 96 
. 9 97 
.998 
.999 
1 . 000 
1 . 0 0 1  
1 . 002 
1 .003 
1 .004 
1 . 00 5 
1 . 00 6 
1 . 007 
1 . 008 
1 . 009 
1 .0 1 0  
1 . 0 1 1 
1 . 0 1 2 
1 .0 1 3  
1 . 0 1 4  
1 . 0 1 5  
Table F-2 : Coeffic ient o f  Dis charge Factors (Spink ,  1 9 72 )  
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Figure F-4 : Vis co s i t y  or Reynolds Number Corre c tion Facto rs (Sp ink , 
1 9 72 )  
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Y1 for Natural Gas or Steam, U sing Close-Up Taps 
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Figu re F-5 : Gas Expans ion Factor s (Sp ink , 1 9 72 ) 
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yy1- SPECI F I C  WEIGHT FACTOR FOR D RY STEAM 
Temp. Absol ute Prc<>.�un.·,  psia Tem p. 
oF. 1 4  1 4. 69 6  1 6 1 8  20 22 2 4  2 6  oc. 
-
" Sat. . 1 88 8 . 1 9 32 . 20 1 0  . 2 1 2 4  .223 1 . 2 3 3 3  .2430 . 25 2 3  
220 . 1 87 3 . 1 9 1 9  . 2004 - -- - - - 1 04.4 
240 . 1 8 44 . 1 8 90 . 1 973 . 2095 . 22 1 0  . 2 3 20 . 2426 - 1 1 5 . 6  
260 . 1 8 1 7 . 1 8 62 . 1  944 . 2 0 6 3  . 2 1 76 .2285 . 2 38 8 o 2488 1 2 6 . 7  
280 . 1 79 1 . 1 8 3 5 . 1 9 1 6 . 20 3 3  . 2 1 45 .225 1 . 2 3 5 3  . 2 4 5 1 1 37 . 8 
-----
300 . 1 7 6 6  . 1 8 1 0 . 1 88 9 . 2005 . 2 1 1 5 .22 1 9 . 2 3 1 9 .2 4 1 6 1 48 . 9  
320 . 1 7 42 . 1 78 5  . 1 8 64 . 1 978 . 208 6 . 2 1 8 9  .2287 . 2 382 1 60 . 0  
34 0 . 1 7 20 . 1 762 . 1 839 . 1 95 2 .2058 0 2 1 60 . 22 57 .2 3 50 1 7 1 . 1  
360 . 1 698 . 1 740 . 1 8 1 6  . 1 92 7 .2032 . 2 1 3 2  . 2 2 2 8  .2 320 1 8 2 . 2 
18 0 . 1 677 . 1 7 1 9 . 1 7 94 . 1 903 . 2007 . 2 1 06 . 2 20 1 . 2 2 9 1 1 9 3 . 3 
- - - - - - -- -----
400 . 1 657 . 1 698 . 1 772 . 1 8 80 . 1 9 8 3  . 2080 . 2 1 7 3  . 2263 204 . 4  
420 . 1 6 3 8  . 1 678 . 1 7 52 . 1 8 5 9  . 1 960 . 20 5 6  .2 1 48 . 22 3 6  2 1 5 . 6  
440 . 1 6 1 9  . 1 6 59 . 1 73 2 . 1 8 37 . 1 9 37 . 2032 . 2 1 2 3  . 2 2 1 1 2 2 6 . 7  
460 . 1 60 1 . 1 6 4 1  . 1 7 1 2 . 1 8 1 7  . 1 9 1 6 0 20 1 0  .2099 . 2 1 86 237 .8  
480 . 1 5 84 . 1 62.'3 . 1 694 . 1 797 . 1 89 5  . 1 9 8 8  . 2077 . 2 1 6 .2 248 . 9  -- · - - -- -- - - - - - - - - - - --
500 . 1 567 . 1 6 06 . 1 67 6  . 1 7 78 . 1 87 4  . 1 %6 . 20 5 4 . 2 1 3 9 260 . 0  
s so . 1 528 . 1 5 6 5  . 1 626 . 1 7 3 3  . 1 8 2'7 . 1 9 1 6  . 2002 . 2084 2 8 7 . 8  
600 . 1 49 1 . 1 5 27 . 1 5 9 4  . 1 6 9 !  . 1 78 3 . 1 870 0 1 9 5 3  .20 3 3  3 1 5 . 6  
650 . 1 457 . 1 492 . 1 5 5 7  . 1 65 2  . 1 742 0 1 827 . 1 908 . 1 98? } 4 3 . 3  
700 . 1 4 2 5  . 1 460 . 1 52 3  . 1 6 1  (, . 1 703 . 1 787 . 1 8 6 6  . 1 9 4 3  37 1 . 1  
--- - - - - --
750 . 1 3') 5  . 1 4 29 . 1 1 9 1  . 1 5 8 2  . 1 66 8  . 1 7 4 9  . 1 827 . 1  ')()2 3') 8 . 9  
8t l0 . 1 367 . 1 400 . 1 46 1  . 1 550 . 1 6 3 4  . 1 7 1 4  . 1 7 9 0  . 1 86 3  4 2 6 . 7  
850 . I  340 0 1 37 3  . 1 4 3 3  . 1 5 20 . 1 602 . 1 68 1  . 1 7 5 5  . 1 S 2 7  4 5 � . 4  
900 . 1 3 1 5  . 1 348 . 1 406 . 1 492 . 1 572 . 1 649 . 1 7 2 3  . 1 7 9 3  4 8 2 . 2  
.984 1 .033 1 . 1 25 1 .266 1 . 406 1 .5 47 1 .687 1 .828 kg/em� 
• These tables, with add i t ions , arc ta ken frnm the U.S. 'fVaval Boiler and Turbine Labora­
tory Rtpnrt 1-83, U.S .  Naval Base, Philadelphia 1 2 , Pa. Basic source, · Thrrmodynamic 
Prnpatirs t?f Steam , by Keenan and Keyes, published by john Wiley & Sons, Ne� Yo rk 
( 2 4th p r i nti ng, 1 9 52. ) 
Tab le F-3 : Spe cif ic Wei gh t  Facto rs ( Sp ink , 1 972 ) 
1 0 7  
Ac curate cal ibrat ion o f  any meber employed to measu re flow 
of a gas is a d if f icul t  task . The following me thod has proved 
su f f ic ient for the purpo s es of  the SDSU alcohol proj ect . 
Figure F- 6 shows the c al ib ra t ion apparatu s .  S t eam , wh ich 
normally ent ers the d is t illat ion t owe r , is d iverted t o  a d rum 
conta inin g  cold wate r . The rat e o f  t emperature r ise in the drum 
is record ed for u s e  in d e t e rmining the amount o f  thermal ene r gy 
ava il able in the s team .  
Figure F-6 :  S t eam Met e r  Cal ib rat ion Appa ra tu s 
1 0 8  
Dat a  c omp iled in t h is manner are pre s ented in F igure F-7 . 
By a s suming a s t at is t ic ally no rmal dis t r ibut ion , one can 
� employ a ' T ' t e s t  t o a r r ive a t  the con f id ence int e rval shown . 
The emp ir ical relat ionship pred ic t s  the flow o f  energy accurat ely 
with in the 9 5  pe rc ent c onf idenc e l imit at  this ob s e rved po int . 
2 5 0  
$-I :; � 0 
..s:: X � calculated 
$-I �urve Q) 
0.. 2 40 95 pe rcent 
00 con f idence 00 C'd int erval s 
00 
'"'CI 
§ 
0 
0.. 
.. 2 30 � 0 data r-1 � 
� Q) .j...J X (/) 
2 2 0  
4 0  5 0  6 0  
DP Cell Reading , inches of  wate r 
Figure F-7 : Con f idence Interval for One Po int o f  S te am  Me ter 
Opera t ion 
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APPENDIX G 
ETHANOL CONCENTRATION MEASUREMENT 
A numbe r  o f  me tho ds for det ermining the concen trat ion o f  e thano l 
in e thano l- co rn-water mixtures exis t . The me tho d used here invo lves 
the measurement o f  the apparent sp e c i f i c  gravity o f  e thano l-water 
mixtures obt ained f rom dis t il l ing e thano l-corn-water samp l e s . I t  i s  
emp loyed to det ermine the e thanol concent rat ion b y  vo lume i n  f e rmented 
co rn-beer and the res idual e thano l concentrat ion by vo l ume in sp ent 
s t illag e .  The p ro cedure emp loyed at SDSU , which varies s l igh t ly 
from the me tho d recommended by Ho rwit z  ( 1 9 7 0 ) , follows . 
A s amp l e  o f  the e thano l-corn-water mixture i s  taken . To 
insure rep res enta t ive s amp l ing from the ferment ers , the t ank ' s  
content s  are mechani cally agitated for at  leas t 1 5  minut e s  p rior to 
co llection . 
One hundred mil l i l it e rs ( 0 . 0 2 6  gallon) o f  the s ample is  
measured into a graduated cylinder and then poured into a spherical , 
1 1 1 
500 millili ter ( 0 . 1 3  gal lon) flask . The cyclinder is  r ins ed three 
t imes wi th deioni z e d  water , the rins ings being added to the f lask . 
Figure G- 1 is a pho tograph o f  the dis t il la tion apparatus 
emp loyed to separate the e thanol and water from the corn parti cles . 
The s ample i s  b o i led s lowly for 90 minutes . At this p o in t , virtually 
all the e thano l and water has been removed from the flask . The flask 
is cl eaned by b o i ling 200 mil l i l i ters ( 0 . 0 5 3  gallon) of water in it 
for one hour and s c rap ing wi th a cleaning b rush . 
The e thano l-water dis tillate ob tained is  then wei ghed by use 
of  a 200 mi llili ter ( 0 . 05 3  gallon) pycnome ter and comp ared w i th the 
weigh t  o f  an equa l  vo lume of  de ioni zed water . (Deioni zed water 
yields resul t s  iden t i ca l  to tho s e  ob tained with the d i s t il l e d  wat er 
commonly p re fered in laboratories . )  Before use , the pycnomet e r  i s  
thoroughly cleaned with a chromic a c i d  solut ion and r insed three 
Figure G- 1 :  S amp le D i s t illat ion Appara tus 
t imes with de ioni z ed water . Ten milliliters ( 0 . 0026  gallons ) o f  
methano l i s  u s e d  f o r  f ur ther cleans ing . F inally t h e  f lask i s  r insed 
three mo re t imes with deionized water and cons idered clean .  Af ter 
being a llowed t o  comp le t e ly dry , the pycnome ter is we ighed by use  
o f  a Me t tler PB300 elec troni c s cale , corre c t  to 0 . 0 1 gm . 
Nex t , the pycnometer i s  f i lled with deionized water a t  
1 1 2 
+ 
2 0 . 0  0 . 2° C .  The ins ide o f  the ne ck and out s ide i s  tho roughly dried 
with t i s sue . The wei gh t  o f  the pycnomet er and the 2 0 0  mil l i l i ters 
( 0 . 05 3  gallon) of water i s  obs erved . The dry we igh t  o f  the pycnome ter 
i s  sub t rac t ed from thi s  reading and the weight of 1 00 mill i l iters  
( 0 . 0 2 6  gal lon) of  deioni z ed water re co rded . The d i s t i llate i s  then 
placed in the pycnometer and deioni z ed water added to  the full mark . 
Af ter drying aga in with tis sue , the wei ght o f  the 200 milli l i ter 
( 0 . 05 3  gallon) pycnome ter and i t s  contents are recorde d . The weigh t  
o f  the 1 0 0  mil li l i te r  ( 0 . 0 2 6  gallon) s amp l e  is determined by s ub -
tract ing t h e  weight o f  t h e  pycnome ter and 1 00 mil l i l i ters ( 0 . 0 2 6  gallon) 
o f  deioni zed wate r . 
The 1 00 mil l i l i t er ( 0 . 0 2 6  gallon) e thanol samp l e  weigh t  i s  
divided b y  the wei ght o f  1 00 mill i l i ters ( 0 . 0 2 6  gallon) o f  deion i z e d  
water . Thi s  yields the apparent specific  gravity o f  the e thanol 
sample . From spe c i f i c  gravity tab le s  (Ho�wit z , 1 9 70 ) , one c an then 
readi ly determine the p ercent by volume of e thyl alcoho l in the co rn-
beer or s t illage b e ing s tudied . 
The erro r that is as so c iated wi th this analys is p ro cedure 
mus t be determined .  The error can b e  conveniently d ivided int o  
sys tematic  erro r and random erro r . 
1 1 3 
Systematic Erro r 
Sys tema t i c  erro r  is consistant error that canno t b e  cons id-
ered due to random chance . To charac terize the sys tematic error 
associated with this p rocedure , the percentage o f  e thanol recovered 
from the s amp le mus t b e  determined . This is done by assuming that the 
boil ing p ro ces s behave s as a first order sys tem .  The concentra t ion o f  
ethano l remaining i n  the flask i s  indicated by the overhead vapor 
temp erature and is a f unct ion o f  tim� . 
Figure G- 2 has b een cons tructed from the re sul ts of boil ing 
two s imilar s amples o f  co rn-beer . Firs t order sys tems are ind i cated 
by the following ana ly s i s  (Beckwi th and Buck , 1 9 6 9 ) . 
First o rder decay : T = T� + (TA - T�) e- t /� where 
T i s  the magnitude o f  any f irst-order pro ces s at t = t 
T«> is the l imi ting magnitude o f  the p ro ce s s  as t _... oo 
TA is the ini tial magni tude o f  the proce s s  at t = 0 
t i s  t ime in any appropriate unit s  
� is the t ime cons tant characteris t i c  o f  a part i cular 
f irs t-order sys t em proces s 
To determine the t ime cons tant (�) , three p o int s on the decay 
curve of Figure G- 2 were analyzed . Each time cons tant as wel l  as the 
average was calculated . From the figure , T� = 9 8 . 6°C and TA = T 5 min 
1 0  minutes : 9 5 . 9  
-!, = 1 2 . 0 minutes 
2 5 minutes : 9 8 . 0  
-t'.a =lO . 4 minutes 
-5 /A"' 9 8 . 6 + ( -4 .. 1 ) e  "'  
9 8 . 6 + ( - 4 . 1 ) e- 2 0 1�� 
99 
98 
u 0 
9 7  ,.. 0 Q) $-I ::3 
""" (13 $-I Q) 0.. 
� E-4 
$-I 9 6  X 0 0 0.. (13 ::> 
9 5  
94 
0 3 0  6 0  
Boi ling Time o f  Samp le , minutes 
Figure G-2 : Evidence o f  Firs t -Orde r Sys tem o f  Ethanol-Water 
S eparat ion 
1 14 
90 
4 0  minutes : 98 . 5  
-t; = 9 .  4 minutes 
-t = -1'1 + t'2 + 1.3 
3 
1 1 5  
98 . 6  + (-4 . 1 ) e-3 5 /�� 
1 0 . 6 minutes average 
Beck\vith and Buck ( 1 9 6 9 )  ind icate · that the propert ies o f  a firs.t ord er 
sys t em d ic tate Tab le G- 1 .  · 
Tab le G- 1 : T ime Required t o Remove Ethanol - in the Boil ing Pr ocess 
Number of T ime 
Constants 
1 
2 
3 
4 
5 
6 
7 
8 
T ime in Minut es 
o f  B oil ing Samp le 
1 0 . 6 
2 1 . 2  
3 1 . 8  
42 . 4  
5 3 . 0 
6 3 . 6 
7 4 . 2 
84 . 8  
Perc entage o f  Ethano l 
Removed f r om samp l e  
6 3 . 2 
8 6 . 5  
9 5 . 0  
98 . 2  
9 9 . 3  
99 . 8  
9 9 . 9  
99 . 9  
From this analys is it appear s  tha t  b oil ing the sample for n inety 
minutes is adequate f or removal o f  ver t ually all  the ethan ol . 
Rand om Err or 
The r andom err or as s oc iated with this ana lys is pr oc edur e  has 
been determined by t es t ing s ix samples of s t il lage , and two s e t s  o f  s ix 
samp les o f  c orn-beer . The results o f  the tests are in Tab l e  G-2 . 
1 1 6 
TABLE G-2 : Random E rr or Analys is Data in Percent Ethanol by Vo lume 
S t illage Corn-Beer One Corn-Beer Two 
0 . 4 3 8 . 70 1 0 . 7 1  
0 . 2 3 8 . 64 10 . 7 6 
0 . 40 8 . 8 6 1 1 . 1 3  
0 . 2 3 8 . 7 5 1 1 . 1 5 
0 . 2 6 8 . 7 5 1 0 . 9 2  
0 . 30 8 . 78 1 0 . 9 7 
Average : 0 . 3 08 8 . 7 5 1 0 . 94 
S tandard 
Deviat ion : 0 . 08 7 0 0 . 07 4  0 . 1 8 3 
The s t a t is t ic a l  n inety- f ive perc ent c onf idenc e int erva l  f or 
each s e t  o f  data f o llows : 
where 
X is the s ample mean 
t r/2 is the value of the t d is t r ib ut ion , with v n - 1 
degrees 
s is  the sample standard d eviat ion 
n is the s amp le s iz e  
)A 
is the p op ulat ion mean under s t udy 
S t il la ge : 0 . 3 08 - 2 . 4 4 7  X 0 . 08 7  'l' '-.. 0 . 30 8  + 
2 . 44 7  X 0 . 08 7 
{6 116 
0 . 2 2 � �  0 . 3 9 
2 . 4 4 7  X 0 . 0 7 4  8 . 7 5 + 2 . 4 4 7  X 0 . 07 4  Corn-Beer : 8 . 7 5 - 'l �  lb If One 
8 . 68 � <  8 . 8 2 
1 1 7  
C orn-Beer : 
Two 1 0 . 94 -
2 . 44 7  ,;- 0 . 1 8 3  � ..c.  1 0 . 9 4  + 2 . 4 4 7*0 . 1 8 3  
1 0 . 7 6 Y"� 1 1 . 1 2  
The accuracy for measur ing the ethanol c oncent rat ion in the 
c orn-beer is adequa t e  f or the prop osed exper imenta t ion . However , based 
upon thes e resul t s  the proced ure is und er quest ion when used to d et er -
mine the res idual ethanol c oncentrat ion i n  t h e  s t i l la ge . 
